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I INTRODUCTION 
The 5 G-еУ/с e x p e r i m e n t i s one of a s e r i e s 
г ι ) 
of experiments done at different incident momenta (4 GeV/cv , 
5 GeV/c, 8 GeV/c^, 11.5 GeV/c^) with a π+ beam from the 
CERN proton synchrotron impinging on the protons in a liquid-
hydrogen bubble chamber. The aim of these experiments is to 
study the π ρ interaction mechanisms at high energies and to 
determine the characteristics of the particles produced by 
this interaction. In this thesis the emphasis will be on 
interaction mechanisms. 
For good experimental results, with the cur­
rent measuring techniques, one usually needs a greater number 
of measurements than one can possibly obtain in a single 
laboratory within a reasonable amount of time. Collaborations 
have therefore been set up. In our case, the film has been 
distributed among the following five laboratories: 
- Physikalisches Institut der Universität Bonn, 
- Department of Physics of the University of Durham, 
- Fysisch Laboratorium van de Universiteit te Nijmegen, 
- Ecole Polytechnique, Paris, 
- Istituto di Fisica dell'Università in Torino. 
From the 112 triplet rolls containing 125 000 
frames, the participating groups each originally received 
one fifth. For the two-prong work (the principle study of 
this thesis), a redistribution was effectuated which brought 
half of the sample to be measured to Nijmegen. After scanning 
measuring, calculation and hypotheses selection, final re-
sults are put onto magnetic tape and exchanged between the 
laboratories. In general, specific analyses are done in 
teams with members from different laboratories. The use of 
analysis-chains set up independently allows a check on the 
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results obtained and thus avoids errors. Results described in 
this thesis are primarily the fruits of a Nijmegen-Paris 
cooperation. 
I.2 Status_of_the_Experiment. 
By scanning, the interactions were divi­
ded into different topological groups, the separation being 
determined by the number of charged outgoing particles (8, 6, 
4 and 2 prongs), the number of pointing neutral strange par­
ticle decays (V o'з) and the number of charged strange particle 
decays (kinks). 
The collaboration began by measuring the six-
prongs, a rather small sample that could give final results 
in a relatively short period. These results can be found in 
reference * . The hope for quasi two-body reactions was not 
fulfilled. Only a few events of the type π ρ -* Χ Δ were 
detected. The other results are mainly descriptions of many 
body processes and some information on the distorsion of the 
Δ baryon due to its decay inside the interaction region. 
The events measured next were those containing 
a neutral strange particle decay. It was found that a full 
interpretation of these data also required the kink-measure­
ments. As these measurements were the last to be performed 
(and are rather difficult), the neutral strange particle data 
have not yet resulted in a final publication. Preliminary 
(5) 
results were however presented at the Heidelberg conference . 
The interaction type treated next, the four-
prong events, form a large sample characterized by a copious 
production of two-body reactions. Characteristics of the most 
abundantly produced two-body reactions, π ρ -*• ρ Δ and 
ïï ρ + ω A , have been compared to the predictions of the 
absorption model and of the quark model in two publications 
(6,7) published in 1968. Recently a detailed study of the 
decay branching ratios, spin, parity and splitting of the 
( Я Τ 
Ap-resonance^ ' was published. On the cross-sections in the 
1 1 
4-prong channels, preliminary results were also presented at 
(a) 
the Heidelberg conference4 . 
This thesis discusses results obtained for the 
total and differential cross-sections of both channels and 
quasi two-body reactions found in 5 GeV/c π ρ two- and four-
prong events. Preliminary results of these analyses were pre-
ce
v 
(11) 
sented at the Lund conferen ^ . A resumé of these results 
has been published recently 
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II EXPERIMENTAL DETAILS 
II.1 Beam and Chamber. 
The pictures were exposed at CERN in the begin­
ning of 1965. A beam originating from the Proton Synchrotron 
was momentum selected and mass analyzed. The resulting "clean" 
π beam with a momentum of 5 GeV/c was directed into the 
British National Hydrogen Bubble Chamber. The chamber was 
filled with liquid-hydrogen at a temperature of 27°K. The 
expansion rate of the chamber (1 expansion per 2 seconds) was 
determined by the pulse frequency of the proton synchrotron. 
During the sensitive period a triplet of pictures was made to 
enable geometrical reconstruction. The number of beam tracks 
per picture was about 12,yielding approximately one useful 
interaction per picture. 
Although the parameters of beam and chamber have 
been measured accurately at CERN, two parameters crucial for 
the experiment, the central value of the magnetic field and 
of the beam momentum, have been recalculated from the inter­
actions measured on the film. 
The magnetic field in the chamber is described 
by its central value and a map giving multiplication factors 
as a function of position within the chamber. Рог the magne­
tic field map, the values found by the British-chamber-group 
were used. The central value of the field, however, was inde­
pendently redetermined by measuring V o decays and calculating 
the mass of the decaying particles. This mass is influenced 
by the magnetic field and should correspond either to a K° 
or to а Л particle. A precise determination of the central 
value of the magnetic field is possible by adjusting the mean 
value of the measured masses to those found in literature^ . 
This is performed by an iterative approximation method. The 
resulting value is: 
Η = (13.46 + .03) KG. 
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This is compatible with the value obtained at CERN (13.54 + 
.07) KG from the current through the magnet coils. The more 
accurate redetermined value has been used. 
To determine the central value of the beam mo­
mentum, use has been made of the constraints due to the laws 
of energy and momentum conservation when imposed on events 
without outgoing neutral particles. Using the (redetermined) 
central value of the magnetic field, a fit to the beam mo­
mentum has been made for 67 4-prong events without outgoing 
neutrals. From the fitted results, the average beam momentum 
can be calculated. The resulting value for the beam momentum 
(2) 
at the entrance of the fiducial volume4 ' becomes: 
P f = 4.997 GeV/c 
To find this spread in the beam momentum, one should realize 
that the observed deviation (i p j from the average value has 
two origins: the fitted measurement error (σ ) and the in­
trinsic beam spread ( σ ). This means that on the average the 
following relation should hold: 
(T1Ç)2= a m 2 + σ
η
2
 (H-1) 
from which the intrinsic beam spread can be calculated if σ 
m 
is known. The found value for σ is .006 GeV/c. This in­
trinsic spread in the beam momentum is substantially smaller 
than the measuring errors, which are of the order of .03 GeV. 
In this situation, it is advantageous not to use the measured 
momentum alone, but to make a weighted average between the 
measured value and the average value obtained from our sampla 
The angles with which the beam enters the chamber have also 
been examined in this way but there the ratio of measurement 
precision to internal spread is now so low as to make beam 
editing undesirable. 
One of the problems in doing experiments with 
large bubble chambers is the optical system. Since the came­
ras are relatively close to the chamber (in our case this 
distance is 1.4 m), large angle optics and associated dis­
torsions come in. Several methods have been proposed to solve 
this problem^ ' . The one finally adopted was initiated by 
H 
Kellner from CERNV . His studies lead to the development of 
a new optical fitting program written in collaboration with 
Zoll and 
are used: 
called Python^ . The following correction formulae 
x' = χ C(x,y) 
У* = У C(x,y) (II-2) 
with C(x,y) = l+{a1x/f) + (a2y/f) + (oL3xy/f'¿) + (a4x¿/f'¿) + 
(а5У
2/Г2)+а6(х
2
+у
2)2/Г4 
where (x,y) are positions in the front plane of the chamber 
with the optical axis of the camera as origin and (x', y') 
are the corrected positions. To calculate the correction of 
a space point it must therefore first be projected onto the 
front plane through the optical center (f is the focus length 
of the camera). The a's are constants determined by a least 
squares fit. 
To check the homogeneity of the liquid in the 
chamber and to control for systematic liquid motion, measure­
ment has been done of a series of tracks made without magne­
tic field. No systematic deviation from straight lines have 
been discovered. Another check has been made by looking at 
the so-called pull-quantities of positive and negative 
tracks. These quantities are defined as follows: 
P
v
 =
 л
 .
 f Ш
, (II-3) 
VV• %i 
m χ 
ρ is the so-called pull for variable v. The suffix f means 
fitted, the suffix m measured. The pull-variable should be 
centered around zero for both negative and positive tracks 
and have unit variance. A sign difference of the pulls 
between positive and negative tracks could indicate liquid 
motion. No such deviations were detected. 
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11.2 S с ann ing,_ _M e a s ur i ng_ _an d Computation. 
Every film roll is scanned twice. In these 
scans, the interactions found are subdivided by means of the 
following criteria: 
a. The number of outgoing tracks. 
This can be either two, four, six or eight. Gharge conserva­
tion and the absence of trackmaking particles with a charge 
different from the unit charge cause the number of outgoing 
particles to be even and requires a configuration in which 
the number of positive particles is always two larger than 
the number of negative ones. In fig. II. 1 an example of a 
two-prong and a four-prong interaction is shown the way they 
appear on the pictures. 
Fig. II.1 Examples of a two-prong and a four-prong event. 
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b. The number of visible neutral decays (V 's). 
The visible decays of neutral particles are characterized by 
one positive and one negative track with an opening angle 
different from zero degrees and pointing at an interaction. 
Pointing means in this case that the line of connection be­
tween the interaction point and the decay point lies within 
the decay opening angle and, if the tracks are crossing over, 
that the crossing point also lie on the same line. The cri­
terion of an opening angle different from zero is necessary 
to separate Vo's from converting γ-rays. 
c. The number of positive or negative tracks giving a 
charged decay (V—). 
Charged decays are characterized by a sudden kink in the 
secondary track, caused by a decay into one charged and one 
neutral particle. Decays into more than two particles are 
rare and will not be considered. 
The two scans are compared and differences are 
checked on the film. All interactions found are recorded on 
scan cards, which are than put onto magnetic tape for statis­
tical analysis and later comparison with the measurements. 
The measurements are done on semi-automatic 
conventional digitized projection microscopes. The operator 
views the picture on a transmission screen which has a sta­
tionary reference-cross (reticle) projected on it. The film 
is clamped on a measuring stage and moved by means of hand 
wheels (or joystick) and footpedal. The measurement proper 
consists of bringing all relevant points (fiducials, vertices 
and track-points) into coincidence with the reticle and re­
cording the stage position onto punched cards. The stage 
displacement is measured by means of optical encoders with 
a least count of 2.5 ym. A light guided track follower is 
used to make quick and accurate track measuring possible. 
The output is punched on cards. 
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An important part of the experimental set-up 
is the data analysis chain that follows in the computer pro-
grams. First the punched card measurements are checked on 
format and completeness by a small program called ROOI that 
also puts the accepted events on a magnetic tape. This tape 
is read by the program THRESH, the first in a series of pro-
grams developed at GERN ^ ', which reconstructs points and 
tracks in space from the measurements done on the three 
views of an event. Each track is parameterized as an helix 
and its parameters are determined by means of least squares 
procedures. Corrections necessary for bubble chamber optics 
are also made in this program. 
The next step in the analysis chain is the 
program GRIND that checks by means of least squares fits the 
different particle hypotheses on the measured tracks using 
the conservation laws. In principle one makes all possible 
mass interpretations for each track. The kinematic require-
ments of energy and momentum conservation are used to choose 
the most probable interpretation for each event and to re-
duce the uncertainties in its measured quantities. The 
specific method used is a least squares fit with Lagrangian 
multipliers. Conservation of energy and momentum can impose 
up to four constraint equations on track variables at any 
single vertex. This is the case for those hypotheses in which 
one assumes that no neutral (i.e. unseen) particles have es-
caped for the vertex under consideration. Pits performed on 
the basis of these assumptions are colloquially called 
4C-fits. 
If however one tests a hypothesis in which a 
neutral particle (of known mass) has been added to the vi-
sible and measured ones, three conservation laws have to be 
sacrified to calculate the momentum and the direction of 
this neutral particle. The validity of the hypothesis can 
than only be checked on the basis of the single remaining 
constraint. Least squares fits performing such tests are 
called 1C-fits. 
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If more than one neutral particle leaves the 
vertex (or in general when for a specific hypothesis four 
variables are unmeasured) the problem is unconstrained. No 
fit can than be performed. Events of this nature, which are 
generally hard to identify precisely because of the absence 
of hypothesis-tests, are referred to as nofit events and 
sometimes by analogy with the 4C and 1С cases called 0C-
"fit" events. 
The result of the GRIND program is a set of 
possible hypotheses for each interaction. A physical quan­
tity that makes possible a decision between different hypothe­
ses and that is not used as input for the GRIND program is 
the bubble density of the tracks. Bubble density is related 
to the ionisation capacity of a particle, which is in turn 
a function of its ^(velocity) and charge. Up to 1.3 GeV/c 
π and ρ tracks can be distinguished by means of estimated 
differences in bubble density. GRIND calculates for each 
track-mass-assumption a theoretical bubble density and all 
hypotheses are checked by eye requiring consistency with all 
visible bubble densities. 
Decisions are again punched on cards and fed 
into the program SLICE which discards all wrong hypotheses, 
calculates necessary quantities for the final analysis and 
puts them onto a data summary tape (DST). 
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III DETERMINATION OP CROSS-SECTIONS 
111.1 Introduction. 
In determining cross-sections we distinguish 
three levels of subdivision: 
A. Interaction types: An interaction type is 
a topology that can be recognized during the scanning as 
described in Chapter II. The cross-section of an interaction 
type can usually be determined in a straightforward way if 
scanning numbers and efficiencies are known. 
B. Interaction channels: Interaction channels 
essentially correspond to the different possibilities of 
distributing particles among the tracks of an interaction 
type. In addition unseen neutrals play a role in this clas­
sification. The separation of different interaction channels 
can be very difficult and in some cases cross-sections can 
be determined in a statistical way only. 
C. Reactions: The reaction level describes 
the states that are directly created after the collision. 
Many times the particles that can be seen on the film are 
not directly produced but decay products of another, short-
— 12 lived (τ < 10 sec.) particle. In such cases identification 
of the reaction final states requires the use of statistical 
techniques able to recognize the presence of these short­
lived intermediate states. Each interaction channel can be 
subdivided into different reactions. If such a short-lived 
particle, also called resonance, has several decay modes, a 
particular reaction can be studied in different reaction 
channels. Determination of cross-sections for reactions con­
taining resonances can only be performed in a statistical 
way. 
111.2 Cross-sections_of _the_Interaction_Ty_pes. 
To determine cross-sections we used a sample 
of 94 triplet rolls of film on which complete scanning 
information was available. Partial cross-sections of inter-
21 
action types are generally given by the formula 
σ
ΐ
 = atoA/ Ntot (ІЫ-1> 
where σ· is the cross-section of the interaction type con­
sidered and N. the number of interactions found for this 
type. N. . is the total number of interactions and σ. . 
°
p
 tot tot 
the total cross-section. For σ+ . one can either use the 
result from a counter experiment and than determine the dif­
ferent σ. in a relative way using (III-1), or use the value 
resulting from the bubble-chamber experiment under conside­
ration itself (absolute cross-section determination). The 
latter requires a precise knowledge of the hydrogen density 
and the total track length. As it is rather difficult to 
obtain accurate total beam track length in a bubble-chamber 
experiment without including biases from inaccurate beam 
track counting, beam contamination and fiducial volume defi­
nition, it is generally more accurate to use results from 
high-precision counter experiments. All cross-sections ( σ.) 
will therefore be normalized to counter results. An absolute 
total cross-section determination will be made as a check 
only. The first numbers one needs in any case are the num­
bers (N.) of the different interaction types. These numbers 
have to be corrected for scanning losses. There are two 
kinds of scanning losses: 
A. Events being missed at random (by negligence etc.) 
B. Events being missed because they are difficult to observe. 
A. Random Scanning Loss. 
Random scanning loss can be corrected for by scanning the 
film twice in an independent way. If one assumes that the 
scanning loss is really random (i.e. that each event has the 
same chance for being missed in either one of the two scans) 
the true number of events (N. ) can be found with the follo­
wing formula: 
N t = N r N 2 / N 1 2 (III-2) 
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where N-j and N2 are the numbers of events found in scan 1 
and scan 2. N-^ is ^he number of events found in both scans. 
From this result the total scan efficiency e can be derived: 
= »12 ( 17 + ¿j -1^4¡> <m-5> 
For topologies having a secondary interaction 
scanning efficiencies are more complicated. In this case the 
best solution is to distinguish two scanning efficiencies, 
one for the primary interaction, and one for the secondary. 
The overall efficiency for a combined topology is the product 
of the two efficiencies if one makes the approximately 
correct assumption that both efficiencies are independent. 
In our case, the secondary interactions scanned for were 
decays from either charged or neutral particles, giving in-
formation about the particles created by the interaction. 
For the moment however, we will be only concerned with 
primary interaction type cross-sections and decays will not 
be considered. 
Б. Systematic Scanning Loss. 
In our case the most important systematic loss of events 
exists in the elastic two-prong events. There exists a cate­
gory of these elastic events in which the pion is scattered 
through a small angle leaving a very short proton track.These 
events are difficult to distinguish from the neighbouring 
non-interacting beam tracks. In this case the scanning effi­
ciency is strongly correlated to the momentum and direction 
of the outgoing proton and a systematic correction factor is 
than necessary. To investigate this correction, we should 
consider the number of elastic events found in function of 
the laboratory kinetic energy of the proton (Ep-i О , a 
quantity which is directly related to the range of the pro­
ton track. For reasons which will become clearer in chapter 
IV we prefer to use instead of Ep-, , a related variable t 
(one of the so-called Mandelstam variables), 
written as •) 
t = -2ni (E 
ρ
 x_Plab ~ρ· - «О (III-4) 
where m is the proton mass. Going from the low to the high 
t-region, the loss will start for those events which still 
have a rather long proton hut with a short projection on the 
film plane. These proton tracks are nearly parallel to the 
optical axes of the cameras. 
The loss can he detected hy plotting, for 
different t-regions, the azimuthal angle (φ) of the out­
going proton around the incoming "beam direction (see fig. 
III.1). In principle, since there is no preferred direction 
in the chamher, this distribution should be isotropic. From 
the figure it can be seen that the loss starts around 
t = -.1 GeV . Correction by horizontal interpolation in the 
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Pig.III.1 The scanning bias for elastic 
events in different t-regions, 
azimuthal angle can be performed up to t = -.05 GeV . Above 
2 
-.05 GeV events are missed at all azimuthal angles and the 
correction must proceed in a different way. We than make use 
of the experimental fact (1) that the cross-section depends, 
•) Here and throughout the whole thesis we will choose 
units such that h = с = 1. 
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to first approximation, exponentially on tv ' '(see also 
chapter IV) and extrapolate the cross-section from t = -.05 
2 2 
GeV to t = 0.0 GeV on the basis of this exponential 
behaviour. The results for the correction are as follows. 
From a total number of 9162 fitted elastic events, 4104 
events lie in the region where no correction is necessary 
(t < -.15). In the intermediate region (-.15 <t <-.05) with 
only azimuthal angle corrections 3751 events are found. 
After these corrections this number becomes 3917 events. In 
the very forward region (t >-.05) only 1193 events were seen. 
Exponential extrapolation however gives in this region a 
number of 3088 events. The correction factor that can be 
derived for all fitted 2-prong events becomes 1.24. 
After the corrections described above the total 
number of events present on 94 rolls becomes equal to 
78 100 + 400 events. The error given is statistically only, 
i.e. no systematic errors in the exponential extrapolation 
are taken into account. 
Interpolation from counter experiments at sur-(3) 
rounding incoming momenta4 ' leads to a total cross-section 
for the π ρ interaction at 4.99 GeV/с 
σ. , = 26.60 + .01 mb. tot — 
For the sample obtained from 94 rolls this corresponds to a 
microbarn equivalent 
.341 + .002 yb/event. 
Interaction type cross-sections calculated on this basis are 
given in table III.1. 
As a check we performed absolute measurement 
of the total cross-section for a subsample from the Nijmegen 
laboratory consisting of 23 rolls. On all scanned frames the 
number of incoming tracks was counted giving a total of 
284 500 + 600 tracks. For these rolls the corrected number 
of interactions is 18 485 +170 events, including approxi­
mately 750 unseen small angle elastic scatters. The average 
track length in the fiducial volume for non-interacting 
tracks is 69.3 + .5 cm. From these numbers the total track 
25 
Table III.1 Gross-sections of the primary interaction types 
interaction type 
2-prong 
4-prong 
6-prong 
8-prong 
j corrected number of j 
ι events on 94 rolls, ι 
¡ 43592 ¡ 
¡ 31118 ¡ 
¡ 3854 J 
! 93 j 
cross-section 
14.74 + .15 
10.52 + .06 
1.30 + .02 
.031 + .004 
I ι ι 1 
length is found to be: 
L = (1.91 + .03) x 103 m. 
We now use the well known cross-section formula 
a t o t = m.N /p LA (III-5) 
where N is the number of interactions, 
m is the target atomic weight (1.008), 
ρ is the hydrogen density (.0608 g/cm ), 
23 A is Avogadros number (6.025 .10 per gram-mole). 
The resultant total cross-section is: 
σ-tot = 26.45 + .35 mb. 
This value, compatible with the counter-result, indicates 
that the beam contamination of non-strongly interacting 
particles (e , y ) is low. As anticipated it is less accu­
rate than the counter-result. 
Ill. 3 ChanneJ^ J^ rj^ s_Sj^ S_ej^ :^ oj^ s_j^  
Starting from a sample of 30 000 two-prong 
events measured at 4 laboratories (see table III.2) the 
GRIND-fit results are compared with track bubble densities 
observed on the film as explained in chapter II. To compare 
measurement quality the fraction of 4C-fits is given for 
each laboratory. 
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Table III.2 Two-prong contributions. 
¡ Laboratory 
L 
ι Durham 
I 
j Nijmegen 
! Paris 
I 
ι Turin i _ ______ 
j total 
. 1 . 
no. of measured 
two-prongs 
4038 
15673 
1866 
8980 
30557 
_ i _ 
I 
J _ 
fraction of 
4C-fits 
.34 
.35 
.30 
.32 
.34 
The following hypotheses are tested: 
4C - fit 
10 - fit 
1С - fit 
0C -"fit" 
OC -"fit" 
The channel (D) hypothesis was considered only when the mis­
sing mass was compatible with two or more pions, channel (E) 
only when the missing mass was compatible with a neutron and 
one or more pions. 
This means when MM_. + ΔΜΜ--. > .27 GeV 
A. 
B. 
С 
D. 
E. 
π ρ 
+ 
π ρ 
π ρ 
ττ
+
ρ 
π ρ 
-> 
- > • 
-> 
- * • 
-»· 
π ρ 
+ 0 
π ρ π 
π π η 
π
+
ρ (MM) 
7Γ + ττ + (ΜΜ) 
and 
M D ρ 
MM-- + ΔΜΜ
Ε 
>1 .07 GeV resp, 
(ΙΙΙ-6) 
To find the cross-section of the different 
channels, one has to solve, in principle, two problems: 
____МЁ_
,
___'__І^-Р_'2__Ё!_· ^^
e
 firs"t problem is 
to get a representative sample of events through GRIND. 
Twenty percent of the events fail in first measurement due 
to measuring errors. Remeasurements are done at least once 
on all events failing the first measurement, leaving an 
overall rejection rate of about 10$. In principle, this 10% 
could be a biased sample, i.e. could give systematic devia­
tions. Studies on events that failed the first time and on 
a subsample of third remeasurements indicated that no 
serious bias in the passing events exists. 
ïke_Id^ntif^cation_Pr^blem. More serious than 
the measuring problem is the identification problem. Even 
after GRIND selection and ionisation estimation, not all 
ambiguities are resolved. The remaining ambiguities can be 
subdivided into the following classes: 
A. The ambiguous hypotheses are fits with a different num-
ber of constraints. 
The main tool used by the program GRIND is the confidence 
level (CL) of the fit. This confidence level being below a 
2 
certain number implies that the X value is above a certain 
value (depending on the number of constraints). In our ex-
periment, hypotheses are only admitted for further analysis 
2 if the X value is below 20 for the 4 constraint fits 
(СІі>.05#) and below 6 for the 1 constraint fits (CL > 1.5%). 
A.1 a 4C-fit versus a 1C-fit. 
If a fit of the channel w+p -»• π ρ occurs in combina­
tion with πρ-»·πρπ°0Γ т г р + π ττη then the fit 
without neutral particle (i.e.the 4C-fit) is always pre­
ferred. Calculations with faked events demonstrate that it 
is much harder to fake a 4C-fit by a real 1C-event than the 
Í4) 
opposite4 '. 
A.2 a 1C-fit versus a 0C-nfit". 
The chance that an event of the channel (D) or (E) 
simulates an event of the channel (B) or (C), even after 
2 
the X cut, is not negligible. This has as a consequence 
that no complete individual separation can be made. 
Nevertheless, it is possible to define a subsample of 1C-
events by means of so-called missing mass (MM) criteria 
which is not seriously contaminated. Missing mass is a 
quantity defined by the following formula 
MM2 = (E± - E f ) 2 - (£. - £ f ) 2 (III-7) 
where E. and £. are the sums of energies and momenta of 
the incoming particles and Ef, £- the same quantities for 
the outgoing ones. In terms of four vectors involved this 
28 
can also Ъе written as 
.2 MM = (P. - P~) 
« ) 
(III-8) 
The MM -distributions are shown in fig.III.2, 
The MM -bands used are 
for the π +ρ π° channel from -.12 to .12 GeV' 
for the π π η channel from 6 to 1.15 GeV . 
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(а) Pig. III.2 MM -distributions for the channels π ρ π and π+π+η (b). The shaded distribution in (a) is obtained 
after removing events with coplanarity >.99 and M( π + ir°) 
< .55 GeV. 
•) Throughout this thesis we use the metric 
P P = E E - p p 
ν у ν μ *v ^ μ 
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To determine the total cross-section an error curve is fitted 
to the missing mass distribution inside the band, and, to 
correct for the number of events unjustly eliminated, an ex­
trapolation outside the band is performed. 
B. Two hypotheses having the same number of constraints. 
The hypotheses of channel (A), (B) and (Б) allocate 
particles of different nature on the outgoing tracks. These 
may be e.g. interchanged, which is one origin of ambiguity 
that will be discussed below. Apart from this, a channel (B) 
hypothesis may fit together with one of channel (C). Or 
channel (D) and channel (E) may give both compatible hypothe­
ses. In general, ambiguities between fits with the same num­
ber of constraints are caused by the fact that some tracks 
have a momentum so high as to make a distinction between a 
proton and a pion by means of ionization impossible on the 
scanning table. (In our experimental conditions, it becomes 
hard to distinguish a pion from a proton above a momentum 
of 1.3 GeV/c). If one track can be identified as a proton, 
the other track can only be a π and no class В ambiguities 
can arise. The other possibilities are: 
a. Only one track is recognized as a π by ionization. In 
this case a "proton-neutron" ambiguity can exist. 
b. No track can be recognized by ionization. In this case 
there is a threefold ambiguity (two possibilities with 
a proton and one with two pions). 
The different possibilities in class В are the following: 
B.1 a 4C-fit versus a 4C-fit. 
If two 40-fits are compatible with all criteria, this 
means that no track can be recognized on the scanning table. 
2 
In such a case the fit having the lowest X value is 
preferred. 
B.2 a 1C-fit versus a 1C-fit. 
Also if two or even three 1C-fits come together, sepa-
2 
ration is done by choosing the hypothesis with the lowest χ . 
B.3 a 0C-"fit" versus a 0C-"fit". 
If no acceptable real fits appear and more 0C-"fits" 
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are compatible with both, ionization and missing mass criteria, 
nothing can be done on an individual event basis. For the 
cross-section, a separation based on statistics can be made. 
The π momentum spectrum is used to make this separation. 
The first approximation of this method is that one assumes 
the momentum spectrum of the outgoing π tracks to possess 
the same shape for channel (D) events (with a proton) as for 
channel (E) events (with a neutron). An approximation of 
this spectrum can than be found by using the unambiguous 
channel (D) and channel (E) events. Since in the unambi­
guous channel (D) events the proton must have been recog­
nized, no events with a high proton momentum are present 
and the average of the IT momentum is too high. On the 
other hand in the unambiguous channel (E) events both π 
tracks must have been recognized and no high π momenta 
are present. Por the singly ambiguous events having only 
one recognized π , the momentum spectrum below p=1.3 G-eV/c 
contains only π tracks as no recognized protons are pre­
sent. Both approximations for the π spectrum coming from 
the unambiguous events can therefore be fitted to this part 
of the spectrum. This is shown in fig.III.3. 
0 1 2 3 4 
Ρ (GeV/c) 
Pig. III.3 Momentum spectrum of positive tracks for singly 
ambiguous events. The curves are upper and lower π + pre­
dictions as described in the text. 
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The full curve represents a fit to the channel 
(D) distribution and the dashed curve a fit to the channel 
(E) distribution, both for unambiguous events only. In the 
high momentum region the full curve now gives an upper limit 
of the number of π -tracks present and the dashed curve a 
lower limit. To approximate the number of real тг -tracks in 
the sample the average of both curves is taken. 
The 4852 singly ambiguous events could be 
separated by this method into 3287 + 1100 channel (D) events 
and 1565 + 1100 channel (E) events. The 976 doubly ambiguous 
events, where no track was recognized at all, are equally 
divided over both classes. 
To determine the channel cross-sections within 
the two-prong sample, a few more corrections are necessary. 
Monte Carlo studies show that it is difficult to simulate 
an elastic (40) fit from a non-elastic event (see e.g. 
Lynch^ ' ) . However, in the "other direction" simulation 
goes relatively easy. It is possible that a real elastic 
event does not give a 4C-fit at all. In this case it "leaks" 
into the 1C-events or even into the nofits. This effect is 
especially pronounced in the two-pronged events where the 
information is, comparatively speaking, scarce. Therefore 
a third class of ambiguities has to be considered: 
C. Elastic events without a 40-fit. 
C.1 Elastic events giving a 1C-fit. 
From the very beginning it was clear that the ρ π π -
channel contained a contamination of elastic events. This 
2 
can e.g. be seen from the MM -plot of fig.III.2a where a 
strong (unexpected)peak was observed around .0 GeV super­
posed on the real тг°-реак expected at .02 GeV . Another 
and clearer way of observing this is by inspecting a 
so-called effective mass plot for the π π system. 
Effective mass is a quantity defined in this case as 
М
2 ( Л ° ) = (E
 +
 + E о ) 2 - (£ + + i o ) 2 (III-9) 
π π π π 
where Ε ., ρ + are energy and momentum of the π and 
π π 
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E о » £ о "the same quantities for the π particle. Again 
IT тг 
this can be written in terms of four momenta: 
M2( тг+тг°) = (Ρ
π +
 + Ρ
π 0 )
2
 (III-10) 
This effective mass plot shows a small peak around 
M( π π°) = .4 GeV. To check whether this overpopulation 
was caused by wrongly fitted elastic events some 100 1C-
events with an effective mass π тг ° smaller than .55 GeV 
were remeasured. From these remeasured events 46 gave an 
elastic fit and 54 again only gave a 10-fit. Prom this it 
seems plausible that at least half of the events in this 
mass region are really elastic. The problem that remains now 
is to find the elastic events in the "old" measurements. The 
quantity used for this separation is the coplanarity defined 
as: 
c=(p1 χ P4).(P3 x P-|)/(|Pi x P4I · ІР3 x £1 I ) (III-11) 
whBre p 1, p, and p. are the laboratory momenta of respec-
+ + 
tively the incoming π , the outgoing π and the outgoing 
proton. Real elastic events are coplanar and the quantity с 
should be close to 1. In fig.III.4a the coplanarity calcu­
lated on the basis of the first measurement has been plotted 
for the events, which, after remeasurement, fit the elastic 
hypothesis; whereas in fig.III.4b the same quantity for the 
remaining events is shown. Prom these plots it is clear that 
Pig. III.4 
Coplanarity and mo­
mentum-spectrum of 
1C-events that after 
remeasuring became 
elastic (a), (c), or 
remained 1С (b) and 
(d). 
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events in this mass region with coplanarity greater than .99» 
have a large probability of being elastic. (We emphasize the 
fact that we started the remeasurements on a set of events 
that already refused once to fit an elastic hypothesis). 
This means that the small peak near c=1 in the events that 
do not fit an elastic hypothesis even after the remeasure­
ments may still very well represent real elastic events (see 
fig.III.4b). To see whether or not the elastic events are 
indeed limited to a special mass region in the π π effec­
tive mass spectrum, the π + π° mass spectrum has been plotted 
for both types of events in fig.III.4c and 4d. Although the 
statistic is rather poor the general appearance of these 
figures indicate that events that fit an elastic hypothesis 
generally peak around .4 GeV where the remaining elastic 
eventa do not show this peak. 
From the above it seems justified to conclude 
that most events from the 1C-sample with a (π π°) mass 
smaller than .55 GeV and at the same time a coplanarity 
greater than .99 GeV are elastic. Por the cross-section 
those events will be considered as elastics. A final veri­
fication of the validity of this procedure is shown in the 
missing mass squared plot (fig.III.3) where the shaded 
events show the part that remains after the cut. The peak 
ρ 
at .0 GeV has practically disappeared. 
0.2 Elastic events giving no fit at all. 
The events giving no fit at all are assigned to channel 
(D) or (E) on the basis of the missing mass criteria III-4. 
After application of this criterion a number of events re­
mains unclassified. Prom this unclassified group an impor­
tant part can be interpreted as elastic events not obeying 
the stringent 4C-fit. These events can be recognized by the 
fact that both missing mass and missing energy are compa­
tible with zero. Those events are also considered as elas­
tics for the cross-section calculations. Only few events 
remain unclassified after this procedure. Some of them may 
belong to hypotheses not considered here, for instance 
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π ρ -*• π ργ or strange particle hypotheses like π ρ •*• К рК 
with unseen К -decay. The final results for the two-prongs, 
scanning numbers and cross-section are presented in table 
III.3. The 4 GeV/c and 8 GeV/c results are given for compa­
rison. 
Table III.3 Two-prong channel cross-sections 
¡ Channel ¡no.of events j a(mb) ¡ a(mb) j a(mb) ¡ 
J ¡ j j (4 GeV/c)j (8 GeV/c) j 
l_ . 1 \ 4. 1 1 
{ ρπ+ ¡10720+ 100 j 5.70+.15 ¡ 6.4-2+ .11' 4.90+.10 ¡ 
ι ¡ +2690+ 280 ι j ι ι 
j ρττ+π° ¡ 3100+ 100 ¡ 1.32+.03 ¡ 2.31 + .06¡ .74+.06 ¡ 
! π+π+η ' 1700+ 100 ! 0.72+.04 i 1.44+.05І .61+.06 ! 
{ ρπ+ΜΜ ¡ 8560+ 900Ъ) ¡ 3.6 +.4 Ъ^ ¡ ¡ 2.40+.10a^¡ 
¡ π+π+ΜΜ ! 5290+ 950Ъ^ ! 2.2 +.4 Ъ ) ¡ 6'20±-11¡ 2.50+.10a)¡ 
! prongs2'! 5 2 1 4 0± 5 3 ° Ъ ) J 13.66+.15Ъ) ¡ l6.37+.17¡11.15+.15a)| 
!_ _ l l i L J 
ι a) Includes strange particles not observed to decay, ι 
¡ b) Without strange particle production. ¡ 
III.4 Channel Crossj^ej^1^oj^s_j^f_J^oj^ 
The total number of four-prongs measured is 
26 242. The four-prongs were measured at 6 laboratories. 
Numbers are given in table III.4. Again to see whether the 
measuring quality is equivalent in each laboratory, fractions 
of 4C-fits found are listed. The following hypotheses are 
tested: 
4C-fit 
4C-fit 
1C-fit 
10-fit 
Ε. π
+
ρ-π
+
ρ π
+
 π" (MM) 0C-"fit" 
P. ττ+ρ + π + π + π + π" (MM) 0C-"fit" 
In the present study no strange particle hypotheses (with 
unseen neutrals) are entered in GRIND as their occurrence 
is estimated to be small. For classification into the 
Α. π ρ ->- π ρ π π 
Β. π
+
ρ +π
+
ρ Κ
+
Κ" 
С ir ρ -»- тг ρ ττ π~ π 
D. π ρ ->- π π π π~η 
3b 
Table 
¡ Laboratory 
j Bonn 
ι Durham 
¡ Nijmegen 
¡ Paris*' 
j Turin 
¡ total 
I 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
¡ *'Part of 
j measured 
III 
the 
at 
.4 
no 
Par 
the 
Pour-prong contributions 
. of measured 
four-prongs 
3725 
3202 
6992 
5469 
6854 
26242 
is four-prong 
University of 
• 
j fraction с 
ι 4C-fits 
1 
| 
1 
.28 
.24 
.28 
.26 
.28 
.27 
sample has been 
Strasbourg. 
»f j 
— 1 
channels (E) and (F), the same missing mass criteria as for 
the two-prongs (III-4) have been used: 
MM-™ + ΔΜΜ-, > . 2 7 GeV 
Ά
 Í T T I - 1 2 ) 
MlVLp + ΔΜΜρ > 1 . 0 7 GeV ^ 1 1 1 l ¿ ; 
The measuring problem has been treated as for the two-prongs 
by remeasuring the failing events at least once. The iden-
tification problem of the four-prong events presents many 
aspects similar to those discussed for the two-prongs, but 
also shows some characteristic differences. 
A. Ambiguities between fits with a different number of 
constraints. 
2 
The X criteria that have been used for the 4-prong events 
2 
are again: X <6 for 1С hypotheses (CL>1.5#) 
and χ <24 for 4C hypotheses (CL>.01#). 
A.1 a 1C-fit versus a 0C-"fit". 
Also in the 4-prongs a certain amount of nofit events 
satisfy the 1C-fit criteria. For "cleaning" the 1С events, 
missing mass criteria have again been used. For the 
π
+
ρ π
+
 π" π° channel the MM -band is from -.12 to .12 GeV2 
and for the π π π π η channel the MM -band is from 
2 
.6 to 1.15 GeV . To determine the channel cross-section a 
Gaussian was fitted through the missing mass distribution 
36 
and this curve was extrapolated outside the mass bands to 
correct for the eliminated events (see figs.III.5a and 5b). 
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Fig.III.5 MM distributions for the channels 
ττ
+
ρπ
+
π~π° (a) and π π π π~η (Ъ). 
Β. Ambiguities between fits with the same number of 
constraints. 
Б.1 a 4C-fit versus a 4C-fit. 
The 4C-fit versus 4C-fit ambiguities are solved by 
2 
accepting the hypothesis with the lowest X . An exception 
occurred in the cases where a hypothesis of channel (A) was 
ambiguous with one of channel (B); in these cases, the 
channel (A) solution is always choosen as the channel (B) 
is a priori much more unlikely because of its much lower 
production cross-section. 
B.2 a 1C-fit versus a 1C-fit. 
1С versus 1С ambiguities have again been solved by 
2 
taking the fit with the lowest X value. 
B.3 a OC-"fit" versus a OC-"fit". 
For ambiguous OC-"fits" again no individual event sepa­
ration is possible. To estimate the cross-section, a 
37 
Statistical method is necessary. As in the two-prong case 
the momentum spectrum for the π -tracks is estimated. An 
upper and a lower limit for the тг -spectrum can be obtained 
(as in the two-prongs) from the unambiguous proton and neu­
tron events. In this case a very good third approximation 
comes from the always recognized Tr~-tracks, which should 
give a momentum spectrum in first approximation equal to the 
π -spectrum. Estimation of the high-momentum (p >1.3 GeV/c) 
π -tracks, present in the once ambiguous events, now comes 
from averaging the three distributions fitted in the low-
momentum region. The analysis has been performed in Bonn and 
yields a division for the 2536 singly ambiguous events of 
1600 + 400 events in channel (E) and 936 + 400 events in 
channel (F). The 260 events with double and triple ambi­
guities have been equally divided over both channels. The 
scanning numbers and cross-sections are given in table 5. 
Table III.5 Pour-prong channel cross-sections. 
¡ Channe l 
I 
1 + + -
ι ρττ π π 
ι + + - о 
ι ρττ π ιτ ττ 
! + + + -
ι тг π π π η 
ι ρπ π ττ~ΜΜ 
j тг π π ττ-ΜΜ 
ι t o t a l f o u r -
Jprongs 
ι _ 
n o . o f e v e n t s 
_ 
6994+ 85 
7300+ 85 
2164+ 50 
6030+450 Ъ ) 
2 9 8 0 + 4 5 0 b ) 
254бО+160 Ъ ) 
L 
ι σ(mb) 
¡ 2 . 7 4 + . 0 4 
! 2 . 8 6 + . 0 4 
¡ 0 . 8 5 + . 0 2 
! 2 . 3 6 + . 1 7 b ) 
¡ 1 . 1 7 + . 1 7 Ъ ^ 
¡ 1 0 . 0 1 + . 0 6 Ъ ) 
. .1 
σ (mb) 
L (4 GeV/cJj 
3 . 0 9 + . 0 7 
3 . 4 3 + . 0 7 j 
0 . 9 3 + . 0 4 
2 . 2 0 + . 0 6 
9 . 6 5 + . 1 2 
a(mb) 
(8 GeV/c) 
2 . 0 5 + . 0 6 
1 . 9 1 + . 0 8 
0 . 7 4 + . 0 7 
2 . 4 7 + . 1 2 a ) 
2 . 4 8 + . 1 2 a ^ 
9 . 6 5 + . 1 2 a ) 
a) Includes strange particles not observed to decay. 
b) Without strange particle production. 
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IV ELASTIG SCATTERING 
IV. 1 J^and^l^am_V_ar^ables_ 
Elastic scattering π ρ-»- π ρ is our most simple 
reaction. Assuming an unpolarised target a two-body reaction 
has only two physically relevant variables. For elastic 
scattering one often chooses for these variables 
Θ: the center of mass (CM) scattering angle, 
p: the magnitude of the CM-momenta. (all CM-
momenta are equal for an elastic reaction) 
In fig. IV.1 an elastic reaction 
is schematically shown in the CM-
system. The CM-momentum ρ is 
uniquely determined by the labo­
ratory incident momentum (p-i
a
-u)· 
Neither the CM-momen­
ta nor the CM-scattering angle are 
relativistic invariants. One therefore often prefers to use 
instead the relativistically invariant Mandelstam variables 
s, t and u. These variables are defined in the following 
(1) 
wayч ' : 
s = (P1 + P 2 ) 2 = (P 3 + P 4 ) 2 
t = (P 1 - P 5 )
2
 = (P2 - P 4 )
2
 (IV-1) 
u = (P1 - P 4 )
2
 = (P2 - P 3 )
2 
In these formulae the P's are the four momenta of the dif­
ferent particles. There is a relation between the three 
variables : 
s + t + u = 2m2 + 2m2 (IV-2) 
where m is the proton mass and m
u
 the π mass. 
The Mandelstam variables are related to other CM-variables in the following way: 
s 2p2 + m 2 + m 2 + V(p2+m2)(p2+m2) 
t = -2р2(1 - cos«) (IV-3) 
u = -2p2 (1 + cose ) 
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IV.2 Total and_Differential Gross-Sections. 
Por the analysis of the elastic channel 9162 
events are used. Due to the scanning bias for events with a 
short stopping proton a great loss of events exists in the 
very forward direction (at low |t|). After the corrections 
explicitely described in chapter III (from t=-.15 to t=-.05 
using the azimuthal angle and from t=-.05 to t=0 using a 
logarithmical extrapolation) the total cross-section found 
for two-prong elastic events is 5.85 + .19 mb. In fig.IV.2 
our result is compared with some other experiments. In the 
energy region considered here there is generally good 
agreement between counter and bubble chamber results. Spark 
chamber results on the other hand tend to be systematically 
lower. 
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Fig.IV.2 Total elastic cross-section compared with results 
from surrounding experiments. The arrow indicates our 
experiment. 
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Table IV.1 bifferential elastic cross-section. 
! I* 
г 
2 
-interval (GeV ) 
.05 
.06 
.07 
.08 
.09 
.10 
.12 
.14 
.16 
.18 
.20 
.25 
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.35 
.40 
.45 
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.55 
.60 
.70 
.80 
• 90 
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-
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-
— 
-
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The corrected t dependence of the cross-
section is shown in fig.IV.3 and numerically repeated in 
table IV.1. As is well known, most scattering goes in the 
forward direction (at low |t| values). An exponential in­
crease gives a good description of the data. In the forward 
direction a simple exponential fit would be sufficient, but 
to make a fit possible up to higher |t| values, a sum of 
two exponentials is used: 
M
=
 M e 
dt ' 
λ-,ΐ 
+ Νρβ 
X2t (IV-4) 
A 2 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 
|t|(GeV2) 
Pig.IV.3 Elastic differential cross-section. 
In this formula L· and λρ represent the so-called "slopes" 
of the distribution, N.. and Np are related to the numbers of 
events contributed by each slope. Slopes found for our ex­
periment are given in table IV.2 and compared with 8 GeV/c 
(q) 
results w . As for the 8 GeV/c experiment, the intersection 
2 
of the two exponentials has t near -.8 GeV . 
In the backward direction, which corresponds 
to low |u|, a small peak containing 23 events is visible. 
This peak has a cross-section of (10 + 3) yb, which is in 
good agreement with results found in spark chamber experi-
ments^ ' set up specially to study this backward 
scattering. The do/du distribution for the backward direc­
tion is shown in fig.IV.4. Although in our experiment the 
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Table IV.2 Values of slopes and X /DP for the 
elastic events (do/dt = В.,e ι + lUe 2 )· 
ι Incidenti
 0 ι 0 І Т „ + 0 ^ О Л + ^ „ І ο ι 
! momentum' A^GeV" 2) I Х_(о
еУ
-
2) ¡Intersecting,
 χ
Ζ^ , 
¡ iGeV/cJj | |__f 4ialue_(GeVfj__} _j 
5 7.0 + 0.2 ¡ 1.6 + 0.5 -0.85 31.7/28 
8 7.9 + 0.3 ! 3.1 + 0.5 -0.7 18.3/16 
number of events is very low compared to the special spark 
chamber experiments mentioned, the dip at u=-.2 found in 
these experiments is also clearly visible in our data. 
20 
10 
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Fig. IV.4 Backward e l a s t i c d i f f e r e n t i a l c r o s s - s e c t i o n . 
IV. 3 Çompjirison_™11ί±-1ίί§2ΣΎ· 
In present days the understanding of strong 
interactions is not yet very satisfactory. Although in the 
latest years convincing schemes have been discovered for the 
classification of strongly interacting particles^ , the 
description of hadron scattering remains vague. Really abso­
lute predictions are scarce and of a phenomenological nature. 
In general one sees in all kinds of high energy hadron scat­
tering rather strong forward peaks, representing peripheral 
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processes with leading particles that follow either the inci­
dent pion or the target proton. To understand this peripheral 
nature of the strong interaction, essentially two classes of 
models have been used. 
a. Exchange type models, where the forward 
peak is explained as a consequence of a force caused by the 
exchange of (virtual) particles. 
b. Diffraction scattering (optical models and 
diffraction dissociation), where the collimation of the out­
going particles in the forward direction is understood as 
diffraction around some kind of absorbing object representing 
all other types of scattering processes. As these models res­
trict themselves to situations where the quantum-numbers of 
the outgoing particles are equal to those of the incoming 
particles, one sometimes speaks about "vacuum exchange". 
(15) More recently the Regge-pole model4 ' left 
the idea of single particle exchange replacing it by the ex­
change of so-called "trajectories" (strings of particles 
with different spins and masses but otherwise the same quan­
tum-numbers) . The spin of the exchanged object now becomes 
dependent of its mass. In this model the diffractive part of 
the scattering is attributed to a special, not very well 
known, trajectory with the quantum-numbers of the vacuum, 
called the Pomeranchuk or Pomeron trajectory. 
Elastic scattering at high energy is also 
dominated by a large diffraction peak. The optical theorem4 ' 
connects the imaginary part of the forward elastic scattering 
amplitude (AQ-, ) to the total cross-section (σ. . ) : 
ΘΧ υ Ο υ 
CTtot=T Im Ael (cos V 1) i™) 
where ρ is again the OM-momentum. The scattering amplitude 
is defined such that 
|A
el (θ)|2= da/ (d cose d<|> ) (IV-6) 
Using (IV-3) and integrating over the physically irrelevant 
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azimuthal angle Φ of the scattering process this can be re­
written as: 
|A
el (t)|2= -(p2/ïT)(da/dt) (IV-6a) 
If ρ is the ratio between the real and the imaginary part of 
the forward elastic scattering amplitude, (IV-5) can be re­
written with aid of (IV-6) as: 
(da/dt)t=0 = -{o\oχ/^e )(1+P 2)/.389 (IV-7) 
_2 
Here .389 is the conversion factor from GeV to mb, indica-
2 
ting that the left hand side is expressed in mb/GeV and the 
2 
right side in mb . Ignoring the real part from the total 
cross-section, an approximation of the differential elastic 
cross-section at t=0 can be calculated from the known σ, ,-
tot ρ 
value (see also chapter III). This gives (36.18 + .02)mb/GeV. 
Extrapolation from the data gives a forward measured diffe-
2 
rential cross-section of (39.5 + .2)mb/GeV . Using these two 
values the absolute value of ρ can be calculated:|ρ|=.30+.08. 
17) ~ 
This value is compatible with a prediction by Saxer4 ' who 
finds at 5 GeV/c using dispersion relation P=-.24. In the 
interpretation of our result, one should keep in mind that 
it comes from an extrapolation out of the region where no 
Coulomb-interaction plays a role. Therefore it is only an 
approximation of the strong interaction contribution to the 
forward amplitude. 
With optical models one tries to describe 
the elastic scattering as the diffraction pattern of an 
absorptive disk. Usually one predicts this elastic cross-
section neglecting non-diffractive types of elastic inter­
action. The difference in the models arises from the dif­
ferent opacity functions used in describing the absorption ( 16) 
as a function of the radiusv . In all models the amplitude 
is assumed to be completely imaginary. All models fit two 
parameters: the opacity and the radius. In the simplest 
model (constant absorption over a fixed radius) the diffe­
rential cross-section can be written in the following form: 
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Ρ ρ JAR\Pí) 2 
dc/dt = - ( 1 - а Г R¿ -J 1щ— (IV-8) v ^ 
where R is the radius and a the opacity. The opacity can Ъе 
experimentally found from the ratio between elastic and total 
cross-section: 
Ο η 
1-a = 2 — — (IV-9) 
°tot 
From our data we find 1-а=.41б. In the very forward direction 
the Bessel function can he replaced by an exponential: 
,4 .2. 
• τ" · da/dt =-(1-а)
2
. -§- -e R / 4 (IV-10) 
Prom the slope in the forward direction a value of 1.04 fm 
is found for the radius. The most remarkable point of this 
model is a secondary maximum caused by the Bessel function, 
which is certainly not present in our data but exists at 
( 18 ) lower energies^ ; (although in a less pronounced form). 
Other types of optical models have been de-
is ing ε 
the data 
veloped u ing a larger number of free parameters in fitting 
(19) 
At present the pure optical models are some­
what outdated as new insights have shown that non-diffractive 
processes also play a role. The newer approach comes from 
Regge pole theory where the exchange of the Pomeranchuk tra­
jectory completely takes care of the diffraction scattering 
and other trajectories are responsible for non-diffractive 
processes. The main non-diffractive contribution comes from 
the f°-trajectory (also called P'). A dip in the differential 
cross-section is now explained by the passing of the f -
trajectory through a so-called "wrong signature nonsense 
(15) point" at t=-.6v '. The change of slope found in our data 
is supposedly caused by this effect. The fact that the 
"secondary maximum" is more visible at lower energies may be 
explained by the argument that the contribution of the f°-
trajectory becomes smaller at higher energy whereas the 
Pomeron contribution remains constant. 
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Regge pole theory also gives the only expla­
nation for the dip in the backward events. Backward peaks can 
be explained by the exchange of baryonic trajectories. For 
the reaction π ρ -* ρ π possible trajectories are N and Δ. 
The N -trajectory passes through a wrong signature nonsense 
point at u=-.2 causing a dip in the differential cross-sec­
tion. The curve given in fig.IV.3 is obtained from the N_ -
( 1 1 Ì trajectory fit by Baker et al. ' for 5.2 GeV/c data using 
a method described by Chiù and Stack^ '. The Δ-trajectory 
used as input was previously fitted in the reaction тг~р-• ρπ~, 
where N -exchange is forbidden by charge conservation. 
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V SINGLE NEUTRAL PARTICLE PRODUCTION 
V. 1 Properties_of_the_Dalitz-Plot. 
Por a three-body final state (e.g. ρπ π or 
mr ir ) 9 variables can be determined (a momentum and two 
angles per particle). Assuming that the target proton is unpo-
larised and that, in the final state, no polarisation measure­
ments are performed, energy and momentum conservation restrict 
the number of physically relevant variables necessary to des­
cribe this final state to just two. One more variable is re­
quired to relate initial and final state. Usually one presents 
a three-body final state in a two dimensional Dalitz-plot. 
A Dalitz-plot is a scatter diagram in which the CM-kinetic 
energy (T..) of one of the three particles is plotted versus 
the CM-kinetic energy of one of the other particles (Tp)· 
Instead of using the kinetic energy of one particle also 
the effective mass squared of the two other particles can 
be used, as these variables are lineary dependent. 
M 1 2
2
 = (E.,+ E 2 )
2
 - (2l+ 2 2 )
2 
= s + m,
2
 - 2 /s (nu + Τ,) (V-1) 
= s + m, - 2 /s E, 
where M 1 ? is the effective mass of the particles 1 and 2 and 
m. the mass of particle i. E. is the CM-energy of particle i, 
p. its three momentum and T. its CM-kinetic energy. 
The properties of the Dalitz-plot have been 
(2 Ъ) discussed at length4 ' . The main topics of interest will 
be repeated here. 
a. Phase space predicts a uniform density of events in the 
Dalitz-plot. 
The statistical model as proposed by Fermi^ ' leads to the 
concept of phase space distributions, i.e. distributions ob­
tained on the basis of the assumption that each possible final 
quantum state has the same probability. 
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For a three-body final state the general phase space element 
can be written in a Lorentz invariant form as follows: 
d 4P 1d
4P 2d
4P 3«
4(P 1+ P2+ P3-Q) 
X6(P1
2
-m1
2)6 (P 2
2
-m 2
2) δ (P 3
2
-m 3
2) (V-2) 
P. is the four momentum of the particle i. The δ -functions 
take care of the four momentum conservation and put the 
three particles on the mass shell. Integrating out the con­
straints and all variables except T1 and T ? one obtains the 
result: 9 N/(3 T13 T?) = constant (N represents the num­
ber of events). This is equivalent to 
32N/(3 M 2 3 3M
2
 ) = constant (V-3) 
The density of events in the Dalitz-plot predicted by phase 
space is constant. Complete derivation of this result is 
given in ref.2. 
b. Band accumulations are caused by resonances. 
Since the statistical model predicts a uniform population 
of the Dalitz-plot, it can not explain any type of accumu­
lations. An often occurring type of accumulation is a band 
cluster around a fixed effective mass of two particles. 
This phenomenon is interpreted as a metastable state between 
the two particles and sometimes called a resonance. 
As predicted by the Heisenberg uncertainty 
relationship short-lived particles do not possess a fixed 
mass but have a natural width ( Γ ) which is related to their 
lifetime (τ): 
τ = 1 (V-4) 
For the more unstable resonances (like the ρ-meson and the 
Δ -baryon), measurement errors ( 'ъ 10 MeV) are much smaller 
than the resonance width ( «ъ 100 MeV) and the width can be 
*' -1 _2·5 
in our unit system 1 GeV is equivalent to 7.10 sec. 
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directly measured from the width of the experimentally ob­
served effective mass. For the more stable resonances (like 
the ω-meson) measurement precision is of the order of the 
resonance width. Experimental "broadening" than makes width 
measurement difficult. 
If in a three-body final state two particles 
form an intermediate resonance, the reaction primarily 
behaves like a two-rbody process and one speaks of a quasi 
two-body reaction. In fig.V.1 diagrams for the various 
possibilities are shown. The genuine three-body reaction is 
represented by diagram a. Diagram b and с give quasi two-
body reaotions with a meson and a baryon resonance resp. 
(The baryon is always the lower particle in the diagram and 
represented by a solid line). 
® Φ © 
Fig.V.1 Different reaction types for a three-body final 
state. 
c. The cosine of the helicity decay angle of a resonance is 
proportional to the effective mass squared of either one 
of the other particle combinations. 
One of the interesting quantities in a quasi two-body reac­
tion is the direction of the particles resulting from the 
decay of the resonance. Several ways of defining a decay 
angle are possible. In our case we will use the so-called 
helicity decay angle. This angle is defined as the angle 
between one of the decay particles and the original direc­
tion of flight of the resonant particle as seen in the 
resonance rest system. In the case of a baryon resonance 
the proton will be used for this decay particle and in the 
case of a meson resonance the тг . The proof that for a fixed 
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resonance mass M 1 2 > cos θ is proportional to M-,, goes as 
follows: Por a fixed resonance mass M1?(see fig.V.2) the out­
going CM-momentum (p.*) has a fixed magnitude 
(V-5) 
2 
=\/E, 2 -Ш,2 P3 -v -3 • »3 
where E, ie proportional to Μ-,ρ^  (see V-1). In the same way 
in the resonance rest system the common momentum of the 
decay particles ρ has a fixed absolute value. By making a 
Lorentz-transformation from 
(ρ , E..) to (p., E1 ) one can ex­
press the CM-energy of particle 
1 in resonance rest system 
quantities: 
E.,= (E* + e P COSÖJJ) 
= Ύ A/pi2+m2 + ß .p*coseH) 
(•-б) 
where 
В = 
p3_ 
E - E^  (V-7) 
Pig. V.2 
M 12 
As for a fixed IVLp a H variables are fixed except cos
 н
, 
Мр-г which is proportional to E 1 is also proportional to 
cos θ 
Η' 
d. Situations where the outgoing particles are collinear 
correspond to the contour of the Oalitz-plot. 
In formula V-6, one sees that for each fixed mass M 1 ? 
(fixed T·,) a maximum and a minimum value for E 1 (and M?,) 
exist. These values are reached when cos6„ = + 1. 
max 
E m m 1 = γ (E.,* + В . ρ* ) (V-8) 
Varying M 1 9 the above formula defines the contour of the 
2 2 
(T-, ,T,)-Dalitz-plot. For the M2·* versus M 1 2 Dalitz-plot it 
can be evaluated by means of the formula : 
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Ушах- i [ v ·χ + J {k2±\/(k3-k4x + x¿)(k5-k6x + x¿) }] (V-9) 
2 2 
where the variables are: у = М 2, and χ = M 1 2 
and the constants к are defined as: 
k.= E + пь + m 2 + m, k.= 2(E + m, ) 
2 2 2 2 2 2 2 
k2= (m2 -
 mi )(E - m, ) k,- = (m1 - m 2 ) 
k3= (E
2
- m 3
2 ) 2 k6= 2( m i
2
+ m 2
2) 
For cos B„= + 1 the momentum ρ is either in 
the same or in the opposite direction as the momentum £, .This 
means that on the boundary of the Dalitz-plot the three final 
state particles are collinear. 
V. 2 Dalitz-Pl_o_ts__o_f__Ej^ pej^ m_ejital__Re_sjilts_. 
A. The Channel π ρ •+• π ρ π . 
For the channel π ρ-+• π ρ π three diffe­
rent Dalitz-plots are possible, one of which shows in fig.V.3 
Μ (ρπ ) versus Μ (π π ). The three possible projections of 
these plots are shown in fig.V.8. The distributions clearly 
show the presence of two resonances (in the appendix a table 
is given of the properties of resonances involved). In the 
effective mass π π , the ρ (765) is very pronounced; in 
the mass ρπ , the Δ ,,(1236) resonance is very strong. 
The single charged counterpart of the Δ , the Δ ,,(1236), 
о 
appears in the ρ π effective mass, but is produced conside­
rably weaker. In the Dalitz-plot (fig.V.3) the ρ can be 
seen as a horizontal band, the Δ is seen as a vertical 
band. Again, the band of the Δ is less clearly visible 
(it is parallel to the right hand side boundary). 
In addition to the resonances the Dalitz-plot 
shows a "background" corresponding to genuine three-body 
events. On the basis of the statistical model one expects 
the background to be uniformly distributed. Inspection of 
fig.V.3 shows that this is clearly not the case. More 
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Fig.V.3 Dalitz-plot for the channel π ρ -+- ρπ тг . 
three-body events seem to be present at low effective mass 
ρπ° than at high ρπ mass. The three-body contribution will 
therefore be split into two components: 
a. The Permi background: the three-body events that obey 
the statistical model and give a uniform population of the 
Dalitz-plot. 
b. The non-phase-space three-body background: the events 
that cause the overpopulation in the low ρπ effective mass. 
These events will be called multiperipherals as they are 
genuine three-body events and one of their characteristics 
is the peripheral production of the ρπ combination. 
B. The Channel π ρ -*- π π η. 
In the channel π ρ -»- π π η the complica­
tion arises that two π particles are present. For the cal­
culation of the effective mass η π , there is a priori no 
preference for one of the pions. This gives a problem in 
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plotting the events. A simple way of solving this problem is 
to enter each event twice in the plot using both pion combi­
nations once. This procedure is called "folding". Folding 
however gives a high background level and it is therefore 
more preferable to use a secondary property to select a spe­
cial ni combination. For this secondary property we used the 
so-called maximum peripherality criterion. In fig.V.4(a) the 
effective mass squared of the most peripheral combination 
ηπ.. is plotted versus the other (i.e.less peripheral) effec­
tive mass ηπ2· In fig.V.4(b) and (c) the projections from (a) 
are shown. No clear resonance production is visible in 
neither the projections nor the Dalitz-plot. The only reso­
nance that may be present is the Δ „(1236) in the more 
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Fig.V.4 Balitz-plot for the channel π ρ •+ π π η, 
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peripheral ηπ combination. As far as the genuine three-body 
reactions is concerned, the Dalitz-plot is again not uniform­
ly populated. The more peripheral combination has more events 
in the low ηττ effective mass. Here again one explains this 
by assuming the existence of multiperipherals superimposed on 
a uniform Permi background. 
V.3 Dynamics of the Reactions (Chew-Low-Plot). 
One of the main discoveries in the field of 
the high energy production processes has been its already 
mentioned peripheral nature. Outgoing particles tend to be 
very much in the direction of incoming particles. It seems 
that interactions with a large interaction distance (also 
called impact parameter) are preferred above short distance 
reactions. 
The variables to describe quasi two-body 
reactions are again the Mandelstam variables s, t and u 
(see IV-1). The variable t can be expressed in GM-quantities: 
t = -(m
m
2
+ m_
2) + 2 E E - 2p
m
p cos θ (V-10) 4
 m ir m тг ^m-π 
Here 2 a n ^ E are CM-momentum and -energy. is again the 
CM-production angle. The suffix π stands for incident ττ , 
the suffix m for outgoing meson. Por a given total energy 
and fixed masses the variable t (and also u) reaches extremes 
for cos θ = + 1. The formula that will be used for these ex­
tremes is: ι ρ о \ 2 ' 
t . . _ i ,,,'• * Η -
 mb . . 2 
m m 1 \/ о /r m 
max 
2 /s 
2 2—~2 . 
s + m - m \ 
π
ί
 Pi
 m
 2 
2 /Î / πί 
2 2 2 2 in + ni - ni - m, 
ρ. m π . Ъ 
*ι ι 
2 /s 
(V-11) 
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The suffix ρ indicates the target proton, Ъ the outgoing 
baryon. Details can Ъе found in reference (5). As a resonance 
does not have a fixed mass but covers a certain mass region, 
the maximal and minimal value for t as imposed by (V-12) also 
varies. As the minimum |t| value can only be reached for the 
lowest resonance masses a dip occurs at these minimal |t| -
values. The effect becomes more important as the resonance is 
broader. To avoid this effect which is purely a kinematical 
consequence of the resonance width, a new variable (t1) is 
introduced^ ': 
t· = t - t = p . p - p . p (V-12) 
max *π. *m _ττ. £m ч ' 
If one is interested in a reaction close to the minimal 
value of u (the maximal value of t ) an analogous variable 
u* can be introduced: 
u
' =
 u
^ o V -
 u
 = Ρ,τ · Pv - P„ · Pv (V-13) max тт. 'D _TT. _b 
A convenient way to look at the t-behaviour 
(7) 
of a final state is the Chew-Low-plot4 . Here the effective 
mass of a particular particle combination is plotted versus 
the t-variable corresponding to that combination. The Chew-
Low-plot supplements the Dalitz-plot. In the Dalitz-plot 
only relations between outgoing particles are shown, where 
the Chew-Low-plot shows a relation between the incoming par­
ticles and a specific outgoing state. The contour of the 
Chew-Low-plot can be calculated from equation V-12. The 
Chew-Low-plots for the three possible combinations in the 
ртг π channel are shown in fig.V.5. The ρ resonance can 
be found in (a) near a (π Tr°)-mass of .76 GeV. The accumu­
lation of events for low |t|-values proves the peripheral 
structure of the reaction π ρ -»• pp . The fact that there is 
a strong peripheral contribution outside the Ρ-band indi­
cates the presence of a background contamination due to 
other reactions with a peripheral proton. 
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Fig.V.5 Chew-Low-plots for the different combinations 
in the channel ρπ π . 
In addition to the forward peak a weaker ρ backward peak 
manifests itself at low |u| i.e.high. |t|-values. In fig.5(h) 
++ + 
the forward peak of the Δ is seen near the ρπ mass equal 
to 1.22 GeV. Fig.5 (c) shows the multiperipheral events in 
a forward band at low to medium ρπ masses. The Δ near 
1.22 GeV here is again very vague partly due to the high 
background level. A small seemingly insignificant backward 
peak can be seen near а ртт mass of 1.7 GeV * . It will be 
discussed later. The accumulations of events in the highest 
effective mass regions are due to reflections of ρ ρ events. 
Por the channel π ρ -> ηπ π two Chew-Low-plots 
are presented. Fig.V.6 (a) shows the more peripheral ηπ 
combination, (b) the less peripheral ηπ combination. In the 
more peripheral combination the multiperipherals again domi­
nate. 
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Fig.V.6 Chew-Low-plot for the more (a) and less (b) 
+ + + 
peripheral ηπ mass combinations in the channel π π η. 
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V.4 Experimental_Results_for_Quasi_Two-Body 
Reactions. 
Three quantities are of special interest when 
studying the dynamical behaviour of quasi two-rbody reactions. 
1. The total cross-section (σ) of the reaction and its 
dependence on the incident momentum. 
2. The differential cross-section of the reaction (da/dt) 
or (do/dt·). This is in fact the density distribution on 
the Chew-Low-plot in the resonant region. 
3. The decay angular distribution of the resonance. When 
the spin of the resonance is known, this distribution 
gives information about the relative population of the 
different magnetic substates (or spin density matrix 
elements). These populations are related to the dynamics 
of the reaction. We will study both the average value 
for the spin density matrix elements and their depen­
dence on the variable t'. 
The first point requires a good knowledge of the total number 
of events belonging to a specific reaction. For the other 
points one needs a pure sample of the reaction studied. It 
does not have to be complete but it should be unbiased. 
In the case of the channel ττ ρ -*·ρπ π two 
reactions are produced sufficiently clear to be analysed: 
+ о . ++ / N 
π ρ -*• π Δ (а; 
π
+
ρ -> Ρ
+
ρ (Ъ) 
The reaction π ρ-»• π Δ is too much contaminated by the mul-
tiperipherals. 
In the channel π ρ •+ ηπ π no clearly produced two-body reac­
tions are present. 
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V. 4.1 Total _Reaçtion_Çr qss-Seçt ions_f gr _the 
Channel _π _ρ_ ±JL _EH _ · 
In the determination of reaction cross-sections the following 
reactions are assumed to be present simultaneously: 
7Γ+Ρ - π° Δ + + (a) 
тг
+
р -»· p +p (Ъ) 
π ρ -* π Δ (с) 
π ρ -»• π ρπ° (phase space) (d) 
ïï ρ + ïï pu (multiperipheral) (e) 
The best way of determining final state proportions is a fit 
2 
on the Dalitz-plot. For such a fit the expected M -distribu-
tions of the components must be known. These distributions 
are known for reactions (a), (Ъ), (c) and (d), but for the 
multiperipheral reaction (e) only one qualitative descrip­
tion is available. We therefore like to eliminate the multi-
peripheral events from the fit. As these events occur at 
high ρπ and lo1 
ιη(ρπ ) < m(pir°). 
w ρπ mass we exclude all events with 
For the resonances this cut has the following 
consequence: 
1. The Δ is used completely. 
2. Only half of the ρ -band is used. This corresponds to 
considering only the ρ -state decaying with cos θ „ between 
0 and 1. The excluded half should be equal to the half con­
sidered as a consequence of parity conservation in the 
(strong) ρ -decay. 
3. The Δ is now of course completely inaccessible to ob­
servation. The contribution of reaction (c) can be (a pos­
teriori) deduced from the one found for reaction (a) using 
charge independence in the production process '. With the 
help of the appropriate Clebsch-Gordan coefficients one 
easily finds 
(π + ρ+π + Δ + ) / (π+ρ+Δ+V) = 2 / 3 · (V-H) 
'The initial state is a pure 1= /p-state. 
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For the remaining reactions (а), (Ъ) and (d) two types of 
2 
M -distributions can now be distinguished: 
- resonance distributions 
- statistical three-body distributions. 
1) On the Dalitz-plot the density of events 
due to a resonance-contribution is represented by the formula 
d(m, cos6H) = PS2(m)C^m)B¥(m)OD(cos9H) (V-15) 
in which 
- m is the effective mass of the particle combination 
that forms the resonance. 
- θττ is the helicity decay angle. As is mentioned 
above соэ ^ is proportional to the effective mass 
squared of either one of the other particle combi­
nations. 
- PSp is the two-body phase apace factor taking into 
account the fact that the resonance is formed in a 
two-body reaction. In principle PSp is a constant, 
the width of the resonance however makes it 
variable. 
- Cp takes into account the fact that the production 
two-body reaction is peripheral. The form finally 
obtained for the product PSp.Cp is: 
PS2(m)C2(m) = ]_ е"
Х2 тіп (V-16) 
P
r
q 
where λ? is the slope of the two-body reaction. 
t . is the minimum Itl-value, ρ is the resonance 
min • l r 
momentum in the CM-frame and q is the momentum of 
the decaying particles in the resonance rest sys­
tem. 
- BW is the well-known Breit-Wigner formula 
BW(m)= — 2 g \
 Γ
 (m¿ g (V-17) 
(m -mr ) - mr г (m) 
where m is again the effective mass of the particle 
combination considered, m the central mass and Г 
the width of the resonance. Por the ρ resonance 
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a fixed Γ value was choosen but for the Δ reso­
nance the following mass-dependent form was used^ ' 
Γ (m) = Г Ц 3 ( а 1 ш + *г > (V-18) 
Δ + + ° - 3 1 2 TT 
q ^ ^ m + q ) 
where q is the "central" value of q (for m=m ); 
q can be written as follows: 
{m -(m.+nO } {m -(m.-m
v
) } 
q = 1— 2 — * (V-19) 
4 m 
where m. and m, are the rest masses of the decay 
«J . + 
products of the resonance (in this case the IT 
and the proton) . 
- DD (cos6„ ) is the decay distribution of the reso­
nance in the helicity angle. Parity conservation 
predicts this distribution to be symmetrical 
around cos θττ= 0. As an approximation for this dis­
tribution a parabola is first fitted to the data: 
DD(cos0H) = N (1 + α cos
2
 н
 ) (V-20) 
where N is a normalization constant and α the fit­
ted parameter. Por this fit only regions with low 
contamination are considered. Por the Δ this is 
for -.6 <соз „ <1 and for the ρ this is the region 
π 
0 <cos θ υ < .8. The resulting α-values are: 
for π° Δ + + : α = -.44 + .14 
for p+ ρ : α = 1.0 + ·3 
The COS6JJ distributions with the results of the 
fits are shown in fig. V.7. 
Por a-| the value of 1 .5 obtained for our 6-prong data 
has been used. 
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Fig.V.7 Helicity-angle distri-
++ "bution in the Δ 
_ + 
band and the 
band of the channel ρ π π , 
Shaded events belong to the 
Δ -ρ overlap region. The fit­
ted curves are parabolas fitted 
in the least contaminated re­
gions. 
2) As the multiperipherals are removed, the 
other background in the parts of the Dalitz-plot used belong 
mainly to the phase space type. However also in these events 
some peripheralisme is present. This can be seen in the 
da/dt' distributions of regions from the Dalitz-plot where 
£r ST 
this background is assumed to dominate. We therefore repre­
sent the "statistical" three-body contribution by the follo­
wing distribution: 
(V-21) <Кт
Л
о) = С 3 P S3 
Now PST is a constant and CU corrects this constant for the 
observed peripheralisme. The form obtained is 
1 
c 3 = 
-K t . 
В min 
'2
π
+ Bwol 
(V-22) 
where χ
Ώ
 is the slope of the three-body events, 
m m 
is the minimum value of It I for the m , 
Tl-VT) ι _ T 
considered, 
P P
π π 
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E + + Ρ о I ^ -s ^ne overall CM-momentum of the π π 
ir π 
combination. 
To make the final fit as fast as possible 
some parameters were fitted separately. The fitting of the 
parabolic cos θ ^ -dependence has already been described. The 
central masses and the widths of the resonances are obtained 
from least squares fits to the projections. The slopes are 
derived from least squares fits to the da/dt' distribution 
in the resonance bands. The list of parameters fixed in this 
way is given in table V.1. The fit of the remaining parame­
ters (the reaction contributions) was performed by minimizing 
the following likelihood function: 
<?<C ( x . ) = - Σ . f .\ In ( ί. /.\X.d..(m.,cos6„.)) 
v
 1' events(3) vreactions(i) ι ijv j' Hj' ' 
(V-23) 
In this formula x. is the relative contribution of reaction 
i; d.. is the value of the density function for each event. 
The sum of the contributions x. is kept constant (= 1) 
during the minimizing procedure. The results are again given 
in table V.1. 
Table V.1 Parameters and results of ρττ+π° Dalitz-plot fit. 
Input ι Results fit 
+ 
ρ -meson 
Slope λ = 7.3 GeV 2 ! M =.760 GeV Γ =.130 GeV 
Decay distributions: J Marginal distribution-fit 
H,p^ 1+1.0 cos
2(9
 H J ! X
2/DP=26./23 Contribution 33% 
Δ - b a r y o n 
¡Slope λ = 1 0 . 3 G e V - 2 ! M = 1 . 2 1 5 GeV Γ = . 1 1 0 GeV 
ι ι 
{Decay distributions: j Marginal distribution-fit 
1 - 0.44cos2(6
 H Δ ) ! X
2/DF= 3.0/8 Contribution 17% 
Phase Space 
¡Slope λ =6.4 GeV" ¡ Contribution 21% 
ι j. 
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Fig.V.8 Effective mass dis-
tribution for the reaction 
ττ
+
ρ->-ρπ π° at 5 GeV/c inci­
dent momentum. The shaded 
events in (a) represent the 
events used in the cross-
section fit. The curves are 
obtained by extrapolating 
this fit not taking into ac­
count a multiperipheral con­
tribution. The insert in (c) 
is the difference between 
this extrapolated curve and 
the real distribution. 
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Pigs.V.8 (a), (b) and (c) show the marginal distributions 
obtained from the Dalitz-plot. The shaded distribution in 
(a) consists of events that remain after all cuts. The full 
lines represent the projections predicted by the fit; the 
dotted lines are extrapolations to the parts of the Dalitz-
plot not used for the fit. (The expected Δ -peak is derived 
67 
from the fitted Δ -contribution). The insert of (c) shows 
the distribution obtained after subtracting this curve from 
the M (ртг°) histogram. The resulting distribution represents 
the contribution from the three-body multiperipheral events. 
From the fitted number of events and the 
channel cross-section, reaction cross-sections can be derived. 
They are given in table V.2. The results are compared with 
those obtained at 4 GeV/c^ ' and 8 GeV/c^ ' incident beam 
momentum. 
Table V.2 Cross-sections of two-prong reactions. 
Reaction no.of events σ (mb) 
(this exp.) 
σ (mb) 
(4 GeV/c) 
Ref.(13) 
σ (mb) 
(8 GeV/c) 
Ref.(14) 
PP 
Δ++π° 
890 + 40 
455 + 25 
.43 +.02 
.22 +.01 
.35 +.07 
.30 +.06 
.14 +.01 
.11 +.01 
V.4.2 Differential Gross-Sections. 
+ о
 A++ 
a. π ρ -»• π Δ 
The da/dt· distribution for π+ρ-ν π°Δ++ 
is shown in fig.V.9. Since in the overlap region with the ρ -
band the ρ p-reaction dominates, this region is completely 
omitted. In principle the dq/dt' distribution is correlated 
with the helicity angle ( ^ ) and no special 9jj -region like 
the p-band may be removed without correction. Such a cor­
rection could be performed by refilling the omitted region 
with parity reflected events ( "opposite "cos θττ)· In this case 
however no correction is done as the bias introduced by 
using some events twice was considered more serious than the 
effect caused by the neglect of the small correlation that 
exists between the helicity angle and the t' of an event. 
The resulting distribution contains no corrections for 
non-resonating ртг TT°-background. This background is estimated 
ρ 
to be smaller than 10%. A dip exists around t'= .6 GeV . 
Also in the forward direction a dip is present. The slope 
found by fitting an exponential is given in table V.3 
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and compared with the 8 GeV/с result. The slope found in our 
2 
experiment is significantly larger. The dip at t'= .6 GeV 
was not seen in the 8 GeV/c experiment hut was present in the 
data of Gidal et al.^15^ at 3-4 GeV/c. 
ï .o 
ca 
л 
E 
tol"- 0 
.00 
те* ρ—»-Δ +•.»· 
ρ* «eluded) 
8 1 1.2 
t' |GeV2| 
U 1.6 
Pig.V.9 Differential cross-section distribution da/dt' 
as a function of t' for the quasi two-body reaction 
IT ρ •*• Δ++ττ°. The solid curve is a prediction of the 
DWW-model. The dashed curve a prediction from the 
Krammer-Maor Regge pole fit. 
A remarkable more than three standard deviation "discrepancy" 
2 
exists for the data point at t'= .07 GeV . It is interesting 
to point out that a very similar enhancement was observed in 
the 4 GeV/c experimentv . 
Table .З 
Values of the Slopes and X /DP for Two-
Body Reactions (da/dt'= B.e" * ' ) ^*K 
Γ Γ ΗΓ π 
ι Channel ι Lower Limit ι Upper limit ι 
¡ ¡ t»(GeV)2 ¡ t2 = .4 GeV2 ¡ 
! ! ! (GeV-2) ! X2/DP ! 
| pp+^**^| .06 ¡ 9.7+1.1 ¡ 5.3/6 ' 
¡ ¡ (.05) ¡ (8.4+ 0.9) ! (3.4/3) ¡ 
! Δ++π° ¡ .06 ! 10.2+ 0.8 ! 10.8/6 ! 
J j (.05) j (7.5+ 0.7) j (3.0/4) j 
!" " ! Τ 2" ! 
¡ ¡ ¡ А = .6 GeV j 
I Ι |_ _ ι ! ρρ+(**)! .06 ! 8.8+ 1.0 ! 8.7/8 ! 
¡ ¡ (.05) j (8.0+ 0.5) j (3.9/5) j 
¡ Δ++π° { .06 ¡10.4+0.7 ! 3.3/2 ¡ 
j j (.05) | (7.7+ 0.5) ¡ (3.1/6) | 
Γ Γ π "ρ" ι 
¡ ¡ ¡ t2 = 1.0 GeV ¡ 
¡ pp+^**^ ¡ .06 j 7.8+ 1.0 ¡ 22.9/10 ¡ 
| | (.05) | (4.5+ 0.7) ¡(48.7/7) ¡ 
¡ Δ++ττ° ¡ .06 ¡10.3+0.7 ¡14.9/5 ¡ 
! ! (.05) ! (6.3+ 0.5) 1(12.9/8) j 
L _ L J L _ - L _ 1 
The numbers in brackets are the results of the 8 GeV/c 
π p-collaboration^ . 
) Por the reaction ρ ρ a double slope fit has also been 
performed: 
(da/dt' = В
г
е "
Х і
 ' + B 2 е"
Х2 ' ) . 
Result: λ1 =11.1+1.5 GeV
-2
, λ2 = 2.1 + 0.4 GeV
-2
, 
2 ? intersecting point .3 GeV and X /DP = 11.0/13-
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Ъ. 
+ 
π ρ 
Ρ ρ. 
ρ p. It contains only one half of the ρ ef-
Fig.V.10 shows the da/dt1 distribution for the 
reaction π ρ -
fective mass band, i.e. only the events with cos θ „>0 in the 
(π π ) system helicity frame. Por the overlap between ρ and 
Δ mass bands we have applied a correction by subtracting 
from this overlap region the symmetric events in the Δ mass 
band. No corrections for non resonating ρπ π background 
(< 10%) were considered necessary. The distribution shows a 
reasonable agreement with 8 G-eV/c results^ . A dip in the 
forward direction is present. However the broad structure 
around t' = .7 GeV claimed by the 8 GeV/c experiment is not 
visible in our case. We would like to emphasize that the 
da/dt' structure for this reaction is substantially modified 
2 in the t' region between .5 and 1.0 GeV by the cut and 
bf~ 
0.0 0 2 O.i. 0 6 0.Θ 1.0 1.2 U 1.6 
t' |GeV z) 
Pig.V.10 Differential cross-section distribution da/dt' 
as a function of t' for the quasi two-body reaction 
тг+р-*р+р. The solid curve is a prediction of the DWW-mo-
del. The dashed and point-dashed curves are predictions 
of the Regge model obtained by Dass and Progatt 
(conspiring and evasive solution respectively). 
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subtraction procedure described above. Without these correc-
tions indeed some of the 8 GeV/c-effects would also be pre-
sent in our experiment. 
2 
Prom t'=.05 GeV onwards the distribution can 
be fitted with two exponentials with a"breakpoint"at t'= . 3 
GeV The values of the slopes are given in table V.3. 
V.4.3 Spin Oensity Matrix Elements. 
For a description of the magnetic 
substates of a resonance the decay angles 
( 16 Ì duced by Jacksonv are used. 
These angles are defined as the 
polar angle ( θ
 +
) and the azi-
muthal angle ( Φ ) of one of 
J 
the decay products (for a baryon 
resonance the outgoing ρ and for 
a meson resonance the outgoing 
π ). The z-axis is along one of 
the incoming particles (for a 
baryon resonance the incoming 
ρ and for a meson resonance the 
π ). Por the azimuthal angle 
one also needs a y-axis which 
is defined perpendicular to the 
production plane (see fig.V. 11). 
The formulae for these angles 
are given in reference (5). 
θ and 
Ρ 
φ intro-
Pig. V.11. 
a. *
+P о .++ 
3 Por a spin /ρ particle (the Δ ) decaying 
into a spin £ particle (p) and a spin 0 particle ( π ) the 
decay angle distribution in the Jackson frame can be 
written as^ ' : 
w ( θ j ' Φj) = h; {Z ( 1 + 4 Р з з ) + i ( 1 - 4 p 3 3 ) c o s 2 6 j -
2 2 2 
-7rRe ρ , _ - | s i n 6,cos 2φJ - -j-Re ρ ,.. s i n 2
 т
соэф
 T ) (V-24) 
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where p.. are elements of the spin density matrix. For the 
determination of the spin density matrix elements the method 
(5) 
of moments4 ' is used. This gives the following results: 
Ρ 
Re 
Re 
33 
'3,-1 
'31 
¿ (7 - 15 cos29 j) 
5^ 3 
8 
5/3 
2 2 
sin θ cos φ , 
sin 2 θ cos Φ
 T 
(V-25) 
As in the da/dt' distribution the overlap region with the ρ 
was excluded now by using events with cos 6ÏÏ> -.6 only. In 
this case however the Jackson decay angle θ
 T is depending 
on the helicity angle and no cos θ „ range can be excluded 
without influencing the results. To correct for the cos θ „-
cut, events with cose „ >·6 were used twice. The second time 
however, formulae based on the law of pari-ty. conservation are 
used to reflect the event: 
Φ · = Φ j
 +
π 
cos6' = - cos6 
(V-26) 
Density matrix elements are calculated for different t' 
regions. Results are given in table V.4 and shown in fig. 
V.12. 
r:i.g.V.12 
Soin density matrix ele­
ments as a function of t' 
for the .++ in the reac­
tion ττρ -»- TTW Δ . The 
solid curves show DWW-
model predictions. The 
dashed curves present the 
result from the Krammer-
Maor Regge model fit. 
t'|GeV!) 
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(17) A test first calculated by Minnaert4 ' and based 
on the positivity of the density matrix gives constraints on 
the p.. elements.The fact whether the data satisfy these tests 
J 
gives a consistency-check on the validity of the assumptions 
used (in particular the importance of the neglected back­
ground). Por the Δ the following relations should hold: 
(V-27) 
Re 2(p 3 >_ 1) + (p 3 3 - £ )
2
 £ i 
Re2(p
 3 1 ) + ( P 3 5 - i )
2
 < \ 
2 
One of our 7 data points (the one at t' = .2 - .4 GeV ) 
has a 2 σ deviation from the positivity conditions, indica­
ting that in this region the background contribution may 
influence the results. 
Table V.4 Average Spin - Density Matrix Elements 
Reaction 
π ρ -+pp 
(t· <0.3 GeV2) 
— 4-
00 
.61 + .05 
p 1 , - 1 
.15 + .03 
Re( P 1 0 ) 
-.11 + .02 
Reaction 
π ρ 
.++ о Δ π 
μ33 
.30 + .03 
Re(p3 _ 1) 
.18 + .03 
Re(p31) 
.04 + .03 
(f < 0.3 GeV¿) 
b. π ρ -*• ρ ρ. 
For a spin 1 particle decaying into two spin 
0 particles the decay distribution can be written as: 
*( , ф )
= т
2 - Ш І - Р 0 0 ) + ¿(3P00-i)cos2e -
2 , (V-28) 
P1 « sin θ cos 2φ - /2 Rep-jQ sin 2Θ cos φ } 
Again one can estimate the matrix elements by means of the 
method of moments: 
P O O = *(5 роз ej -1) 
P1 _.,= - | ( s i n 2 θ j соз2ф j ) 
R e p 1 0 % - J ( s i n 2 θ j c o s ^ j ) 
(V-29) 
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To avoid the influence of the multiperipherals, 
spin density matrix elements for ρ ρ are calculated using 
events with COSGTJ > 0 only. All events are averaged twice, 
the second time after reflection with (V-26). To correct for 
the Δ π° background again symmetric events in the Δ band 
were subtracted. Por the statistical three-body background a 
correction was made by subtracting a distribution uniform in the 
Jackson angles and containing the number of background events, 
expected from the cross-section fits (10$ of the total number 
of events used). Results are given in table V.4 and shown in 
fig.V.13, again for different t'-regions. Por the p+ decay 
elements the following positivity conditions can be derived 
from the formulae given by Minnaert: 
P1,-1 * *(1-Роо)(І R e < W 2 + ( p o o - * ) 2 = * (V~5°) 
In this case no data points contradict positivity. 
Pig.V.13 Spin density 
matrix elements as a 
function of t' for the p + 
in the reaction π ρ-• ρ p. 
The solid curves show 
DWW-model predictions. 
The dashed and point-
dashed curves are pre­
dictions of the Regge-
model fits obtained by 
Dass and Proggatt (con­
spiring and evasive 
solution respectively). 
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V. 4.4 JBaçkward__Peaks_, 
In fig.V.14 backward distributions are 
О r\ 
shown using events with u' <1 GeV only. In the Μ(ρπ ) dis­
tribution (a) we observe a three-standard deviation enhance­
ment around 1640-1680 MeV. There is no peak visible at this 
mass in pir (c). In f ig. V. 14(b) we also show the backward 
1 I I I L 
1.0 12 К 16 1.8 2 0 2.2 24 2.6 
M(nu+](GeV) 
20 
10 
io 
π + ρ—«·τι+ρπ0 
1.0 12 U 1.6 1.8 2.0 2.2 2.1. 2.6 
М(ртс+)(GeV) 
®A τι + ρ — · π + ρπ° 
u ' < 1 GeV2 
0.3 0.7 1.1 1.5 1.9 2.3 2.7 
Μ(π + π · ) ( 0 β ν ) 
Fig.V.14 Effective mass distributions observed 
2 
in the backward direction (u' < 1.0 GeV ) for 
reaction я ρ+Νππ showing backward production 
of Ν*+(ΐ660)π+ and pp+. 
ni -effective mass region. The rather broad signal observed 
at 1660 MeV is at most two-standard deviations. It is clear 
however, that within the statistics, the amount of N (1660)-*· 
ηπ decay required from the ρπ -mode could indeed be present 
Prom Clebsch-Gordan coefficients one calculates for an 
2 
N d e c a y 
!<π°ρ | N*>[ 
|<ττ+η | H*>| Τ"
 = 1/2 (V-31) 
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The most likely interpretation is therefore the backward 
production of an N . A backward produced N (1660)(decaying 
+ ( 8) 
into ηττ ) has also been reported by Angelov et al. ' in the 
channel π ρ -»• ηπ ττ at 2.34 GeV/c. These authors report a 
cross-section of 0.32 + 0.10 mb. The cross-section in the 
backward direction for the production of this resonance in 
our experiment is estimated to be (22 + 6) yb. The reason 
for this discrepancy is unclear. 
No other significant baryon peaks can be seen. (11) Prom the results obtained by Gidal et al. ' at 2.67 and 
3-4 GeV/c incident momentum we expect a backward peak for 
the reaction π ρ ·*• Δ π at 5 GeV/c of the order of 10-15 yb. 
Our upper limit for this backward peak cross-section is 2 yb. 
This supports the interpretation (already hinted at by 
Gidal et al. themselves) that part of the "backward peak" 
contribution in this experiment is in fact due to high-J 
s-channel effects. At 4 GeV/c^ ' the British-German colla­
boration observed a backward Δ π peak of 15 yb. 
In the π π effective mass of the channel 
ριτ π (fig.V. 14(d) ) a clear backward peak is seen on the ρ . 
The dc/du' distribution is given in fig.V.15. The slope ob-
served equals (1.7 + .06) GeV 
50 
20 
10 
5 
-
ϊ\ — t 
I 1 1 1 
\ 
L _ l L i ... !_.. 
π
+
ρ — p p + 
1 1 1 1 1 
.0 A .8 1.2 1.6 2.0 2Λ 2.\ 
u'lGeV2) 
Fig.V.15 Backward differential cross-sections 
for the reaction pp +. 
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A backward ρπ peak (я 20 à 25 yb) has been reported at 4 
GeV/6 ^ ' by the British-German collaboration. Table V.5 
gives the backward peak cross-sections. 
Table V.5 Backward peak cross-sections. 
Reaction σ (yb) 
i 1 
+ + 
π ρ -> ρ ρ 
π
+
ρ - Δ++7Γ° 
15 + 3 
< 2 
π
+
ρ - Ν
Ι+(1660) π + *^ 22 + 7 
^Determined using the Ni+(1660) ρπ° 
decay-mode only. 
V.5 Comparison with Two-Bod^_Models. 
Models describing inelastic reactions usually are 
of the exchange type. The (quasi) two-body reactions are 
schematically considered in the diagram of fig.V.16(a) for 
a forward reaction and in the diagram of fig.V.16(b) for a 
backward reaction. The exchanged object e (or E) must have 
quantum numbers that make all conservation laws possible at 
both vertices. 
Tl m 
> : 
Fig.V.l6(a)Forward reaction. Fig.V.16(b)Backward reaction, 
The simplest models assume just one particle 
exchange. They make used of coupling constants (1VL , IVU) at 
the two vertices and a propagator 1 
(m - t ) 
for the 
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exchanged particle. The amplitude for producing a specific 
final state is proportional to these three factors. These 
simple models have been tried at low energy and fit the data 
satisfactorily for π-eKchange. At higher energies deviations 
appear however: the peripheralisme grows much faster than the 
model predicts. 
Starting from the idea that low impact para­
meters (low |t|) have a larger chance to produce a multibody 
( 18) 
event than a two-body process, Gottfried and Jackson 
proposed the absorption model as a possible remedy. This 
gives rise to the introduction of an absorptive disk taking 
away the low |t| events. As in the diffractive model the 
parameters of such a disk are the opacity, the radius and 
their mutual dependence. This type of model can very well 
fit processes where a π is exchanged but on the other hand 
has difficulties in cases where vector meson-exchange is 
dominating. 
To circumvent this problem, Dar, Watts and 
(19) Weisskopf4 ' proposed some changes in the model. They 
allowed the radius and the opacity (which were fixed in the 
original absorption model version) to become dependent on 
energy. This energy-dependence is fitted onto the reaction 
π~ρ + 1Γ n, a reaction in which only the p-meson can be ex­
changed. After this refinement vector meson exchange reac­
tions are better fitted, but there remain several discre­
pancies. 
More sophisticated models leading to better 
fits to the data have been developed in Regge pole theory4 . 
This framework, originally developed by Regge to solve pro­
blems in potential theory, proved to be very apt to give 
descriptions for high-energy data, as it was open ended 
enough to allow quite a few needed ad-hoc refinements. This 
on the other hand introduced many complications in the model 
which makes its fundamental value questionable. 
Let us now consider the predictions of these 
different theories for our data. 
ν 
Α. The Reaction тг ρ о . ++ π Δ 
This reaction can be represented 
by fig.V.17. The only exchange object 
that is possible in this case, having 
the right quantum-number at both ver­
tices, is a p-meson. Por the total 
cross-section Regge theory predicts 
the following approximate formula: 
2α(0)-2 , . 
a t o t = c s ( V " 3 1 ) 
where a (0) is the intercept at t=0 of 
the exchanged (p)-trajectory in the so-called Chew-Frautschi-
plot. Predictions have been made with (V-31) using our data 
point and the experimentally known p-intercept (<x(0) = .5). 
This gives for 4 GeV/c .27 mb and for 8 GeV/c .14 mb. 
These predictions are in reasonable agreement with the ( 21 ) 
experimental values of table V.2 V
Pig. V.I7. 
Table V.6 DWW parameters. 
Pinal state 
Ο Λ+ + 
ττ
υ
 Δ 
P +P 
+ 
Ρ Ρ 
ρ° Δ + + 
ο
 Α
++ 
ω Δ 
«Τ 
Radius R = 4.2 GeV 
Opacity d = 
Exchanged 
particle. 
-1 
P-1 53 GeV 
G = 
f-
P 
TT 
ω 
1_ 
PP' 
2 2 
16 π 2 
57.4 
23.5 
15.4 
.598 
221. 
—\ 
*) 
ρ is the incoming GM-momentum, p' the outgoing 
GM-momentum 
g. and gp are the coupling constants for the two 
vertices. 
Por differential cross-sections several model 
predictions exist. As in absorption models the best results 
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have Ъееп obtained in the Dar-Watts-Weisskopf (DWW) model, 
only DWW predictions have been calculated. These DWW pre­
dictions were calculated using a modified Keyser absorption 
(22) 
model program4 ' and assuming ρ-exchange. Coupling con­
stants radius and opacity used are listed in table V.6. In 
fig.V.9 and 12 the results are shown in solid lines. 
For Regge pole models the fit-results obtained 
(23) by Krammer and Maorv ' assuming pure ρ-trajectory exchange 
have been used. The dashed lines in fig.V.9 and 11 represent 
their preferred solution. The fit is simultaneously to the 
reactions ττ+ρ -»• ττ°Δ++, π +p -»• η°Δ + + and Κ+ρ-*-Κ°Δ++, with 
exchange contributions from both the Ρ and A 2 trajectories. 
The input consists of experimental da/dt distributions and 
spin density matrix elements obtained at 3-4 and 8 GeV/c 
(14-16) ^
 f o r t h e r e a c t i o n π°Δ
+ +
, at 3-4 GeV/c^24") and 
8 GeV/c for the η Δ reaction and at 3.0, 3.5 and 5.0 
GeV/c^ ' for the reaction Κ°Δ . The model preferred by 
the authors assumes exact SU,-symmetry for the residues but 
no Ρ-Ар exchange degeneracy. The Krammer-Maor results give 
a better fit to the data than the DWW predictions, not an 
unexpected result in view of the greater number of free 
parameters connected with the Krammer-Maor predictions . 
(The difference in the matrix element Ρ ,
 1 between theory 
and experiment is probably caused by an inconsistency in the 
φ -definition with the Krammer-Maor calculations^ " ) . The 
dip at t*=.6 both in the Krammer-Maor fit prediction and in 
our data is caused by the existence of a wrong signature 
nonsense point for the ρ-trajectory at this t'-value. 
A test on.the spin density matrix elements 
may be derived from the Stodolsky-rSakurai model ^  ' using 
single particle (p) exchange and assuming a M-1 type coup­
ling at the ρ ρΔ vertex. The (constant) density matrix 
elements predicted are: 
P33 = ÏÏ' P3,-1= ~~è a n d P31 = 0 (V-32) 
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Our average density matrix elements are in rough agreement 
with these predictions. 
(31 ) Ringland and Thews4 ' have derived tests to 
he satisfied Ъу the spin density matrix elements of a reso­
nance if the dominant mechanism leading to its production is 
the exchange of a single trajectory in the crossed channel. 
In our case these tests require: 
(V-33) 
In table V.7 the relation is checked for different t* regions, 
R = Ρ
 33(i-P53)-(ReP31)
2
-(ReP3_1)
2
= 0 
T a b l e V.7 R i n g l a n d 
i R e a c t i o n π ρ-*- pp 
¡R= (Re 
+
»
ι
 
L_J 
lo 
¡0 
. 0 5 -
.1 -
.2 -
s2 
P 10 } " p 11 p 00 = 
ι 5 
. 3 ! -.11 + .01 
. 0 5 ¡ - . 0 8 + . 03 
.1 ! - . 1 1 + . 03 
.2 | - . 1 2 + .01 
. 4 ¡ - . 0 7 + .05 
I 
:0 ¡ R= 
~r 
0 
0 
- Thews -
R e a c t 
Ρ з з
р
і і - ( R e 
—
 
-PI 
- . 3 
- .05 j 
. 0 5 - .1 
1 - .2 
2 - .4 
R e l a t i o n s . 
i o n π + ρ ->- Δ + + π ° 
P 3 1 ) 2 - ( R e P 3 j _ 1 ) 2 = 0 
R 
.026 + . 0 1 3 
.040 + . 0 3 3 
.043 + .023 
.011 + .027 
.08 + .06 
I 
I 
I 
It is interesting to note, that the two standard deviation 
effect observed in this reaction ( π ρ-*- Δ π°) is mainly due 
to an effect in the second t' bin, i.e. is connected 
events also responsible for the anomaly observed at t' =0.07 
in the da/dt' distribution. 
B. The Reaction π ρ-*-
Ρ p. 
The reaction π ρ-»· ρ ρ is 
represented in the diagram of fig.V.18. 
In this case the reaction can be media­
ted by π , ω and A 2 exchange. 
In table V.2 total cross-
section for the reaction π ρ -> p+p at 
different energies have been compared. Fig.V.18 
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Although in this case more than one trajectory is exchanged 
the decrease of the cross-section with energy should at least 
be faster than the one given by the highest lying trajectory, 
in this case the A2· The results obtained at 4 G-eV/c are in 
disagreement with this statement. 
The solid lines of fig.V.10 and V.13 are OWW-
predictions. They were again calculated with the modified 
Keyser program using π - and ω-exchange. 
A Regge pole fit has been obtained by Dass and 
( 32) Froggatt4 '. They use the data at various energies from the 
reactions 
π ρ -»· ρ ρ , π~ρ •+ ρ ~ ρ , π ~ρ -»• ρ ° η a n d ir η-»· p p 
and obtain two different fits, one for an evasive pion tra­
jectory and one for a conspiring pion, represented respecti­
vely by the dashed and the point-dashed line in fig.V.10. 
The dashed and point-dashed lines in fig.V.13 are the same 
predictions for the density matrix elements. In both fits 
they use a small contribution from the ω-trajectory and 
find that the A2-trajectory can be neglected. 
The Ringland-Thews relation for testing the 
possibility of the exchange of a single Regge trajectory has 
in this case the following form: 
R = (ReP 1 0)
2
 - P ^ P Q O = 0 (V-34) 
In this case the R-values derived (see table 
V.7) indicate, that the reaction π ρ •* Ρ ρ receives sizable 
contributions from more than one trajectory. 
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VI PINAL STATES WITH MORE THAN THREE PARTICLES 
V1.1 S u rye y_ o f_ Re а с ti ons. 
As the number of possible reactions at 
first guess is a factorial of the multiplicity of particles 
in the final state, it becomes difficult to make a complete 
reaction-analysis for final states with more than three 
particles. At this point, we will limit ourselves to two-
body reactions. Many channels are available to research, but 
only a few of them give a reasonable amount of recognizable 
two-body reactions: 
(A) тг+р •+ π + ρ MM 
(B) ÏÏ ρ + τ ρ ÏÏ f 
( С ) π + ρ -> тг+р π+ π" π° 
In order to investigate a particular reaction 
mechanism, the reaction first has to be established and 
secondly, a representative non-biased sample has to be iso­
lated. In this sub-chapter we will concentrate on the current 
techniques of finding resonances, in the following sub-chap­
ter the problem of isolating a reaction from its background 
will be discussed. The resonance mass bands used in this 
study are listed in table VI.1. Properties of those resonan­
ces are given in the appendix. 
Table VI -1 Resonance 
¡ particle ¡ mass band 
Γ ο π -
ΐ * ! 
¡ О + - ¡ 
S Ρ » Ρ » Ρ ¡ 
! o ¡ 
ι
 ω
 I 
ι Α ° ι -1 
ι Ар ι 1 
.535 -
.66 -
.742 -
.24 - 1 
(GeV) 
.560 
.86 
.820 
.36 
bands used 
ι partie] 
L | ν 
i в+ 
i f° 
I + + 
I Δ 
for 
e ι 
1_-
1 
4-prong analysis. 
mass band (GeV) ¡ 
j 
1.18 - 1.38 ! 
1.16 - 1.28 | 
1.16-1.36 { 
1.12 - 1.32 i 
J 
J б 
There are different ways of presenting a final 
state with more than three particles in two dimensional dia­
grams, but none of them gives as full an information about 
the final state as the Dalitz-plot does for three-particle-
final states. Also, phase space usually does not predict a 
uniform distribution in such diagrams. 
Two types of diagrams that proved to be very 
useful in the multiparticle-final state analyses are produc­
tion-correlation diagrams (also called triangular- or Guid­
ili 
haber-plotsv ' ) and decay-correlation diagrams. Production-
correlation diagrams plot the effective mass of a combina­
tion of a subgroup of particles in the final state versus the 
effective mass of the combination of the rest of the final 
state particles. The boundaries of the production-correlation 
diagram are given by the sum of the rest-masses of the par­
ticles in the combination considered. They form a triangle. 
This type of plots is used to find double-resonance reac­
tions. Double-resonance processes show up as clusters around 
the intersection of the masses of the two resonances. An 
example of such a plot can be found in fig.VI.1 where for 
channel (C) the effective mass (π ρ) is plotted versus 
(π π~π ). As two π particles are present for each event 
and it is a priori not clear which π should be combined 
with the nucleón, two combinations per event are plotted. 
The marginal distributions to the left of and underneath the 
triangular plot are its projections. The shaded distribu-
tions are the same projections under the ω and the Δ 
bands. The production-correlation between Δ in ρπ and 
ω in π π~ π can be clearly seen; also visible are corre­
lations between the Δ and the η and less pronounced, 
between the Δ and the A 2 · 
For the 5-particle-final state and the speci­
fic mass combinations considered here the boundary equations 
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+ + + - о 
тг ρπ π π Pig.VI.1 Goldhaber-plot for the channel π ρ 
with projections. The shaded distributions are projections 
from the Δ++( 1 ?Зб)-ЪагИ чгИ +hp 
-híuri on ly . 
en m es 
Number of Events 
Δ (1236 ) 
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are: 
M 
M 
123 
45 
m- + m 2 + nu = .414 GeV 
.m. + m,-
- 4 5 
M 1 2 3 + M 4 5 _ /s 
= 1.078 GeV 
= 3.21 GeV 
(VI-1) 
One can prove that phase space predicts a dis­
tribution in the diagram, which is smooth but not uniform and 
(2) 
approaches zero at the kinematical boundaries4 . 
Decay-correlation diagrams give evidence for 
the production of resonances which, in turn, decay into other 
resonances. Here the effective mass of a particular particle 
combination is plotted versus the effective mass of particles 
forming a subset of this first combination. An example can be 
found in fig.VI.2 where, again for the channel (C), the 
effective mass of (π π π~π ) is plotted versus the effective 
mass ( ι if ïï ). A clustering of events can be observed around 
20 
15 
ι 
+ 
10 
05 
K*p-pM* . 
.-••«Ϋ'-'-Α;»/-,'-":-<' ·•'·- •"ì-îr 'S' 
r,;;-J 
0.5 1.0 1.5 
M(n*n+K-Ti»)(GeV) 
2.0 
Pig.VI.2 Decay-correlation diagram for the channel π +p 
π ρ π π π for the π π π~·π· combination decaying into a 
ÏÏ f ?г combination. 
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1.23 GeV in the mass (^  π π~π ) and at .78 GeV in the mass 
(π π~π ) showing the correlation between В and ω . This 
effect is due to the Б resonance decaying into π ω . The 
ω , in turn, decays into π π~π . 
A similar hut weaker enhancement comes from 
the Ap meson decaying into π η where the η decays again 
into π π~π . The boundary of a decay-correlation diagram is 
also triangular. In the four-particle resonance case consi­
dered here the boundary equations are: 
М12зд =
 mi + m2 + m3 + m4 = '554 GeV 
M 1 2 3 = m1 + m 2 + nu = .414 GeV (VI-2) 
M1234 - M123 = m4 = - 1 3 9 6 G e V 
Let us now treat the reactions occuring in 
the three channels somewhat more systematically. 
VI. 1.1 The Channel π+ρ -*· тг+р MM 
As explained in chapter III events belonging to a 
MM-channel cannot be identified by fitting. We will now 
study in the channel π ρ -*• π ρ MM the events having a proton 
slow enough to be identified by ionization on the scanning 
table (unambiguous no-fit events). 
A preliminary investigation indicated that 
the only resonance state clearly present in the MM-spectrum 
was the η meson (decaying neutrally). As the η is a very 
narrow resonance one can treat it as a particle in GRIND 
and all nofit events can be refitted as π ρ η events. Por 
the events passing the η -fit, the mass ρ π is plotted in 
fig.VI.3. The Δ resonance gives a clear peak in this plot, 
indicating the presence of the reaction 
π
+
ρ - Δ++η° (A.1) 
I "-·· neutrals 
As a check we show in fig.VI.4 the missing mass squared of 
the events falling in the Δ band. In the η region a 
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clear bump containing about 100 events appears 
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Pig.VI.4 MM distribution 
for events of the type ρπ+π° 
and ρπ+(ΜΜ) with a (pir + )mass 
in the Δ + + band. 
VI. 1.2 The Channel π ρ + ττ ρπir . 
A Goldhaber-plot for channel (B) showing the 
mass (pit ) versus the mass (π τΓ) is given in fig.VI.5. As 
the π -particles can be interchanged, each event is plotted 
twice. On the axes the shaded distributions show the pro­
jections inside the Δ and Ρ bands respectively. The 
accumulation coming from the reaction π ρ •* ρ Δ is very 
pronounced. Apart from the elastic events, this reaction 
is the most copiously produced two-body reaction. A much 
weaker accumulation occurs in the f Δ intersection re­
gion. 
One of the most remarkable effects in the 
reaction ρ Δ is the asymmetric decay of the ρ resonance. 
If, in the ρ rest system, the π of the decaying resonance 
is backward compared to the incident π , the resonance is 
much weaker produced than if the π is forward (see fig.VI. 
6). On the basis of parity conservation in the strong decay 
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π
+
ρ- ir ρπ π with Fig.VI.5 Goldhaber-plot for the channel 
projections. The shaded distributions are projections from 
the Δ + + band and the Ρ ° band only. 
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ρ -+• π π" one expects (without interference with the back­
ground) both signals to be equally strong. This effect has 
(A) 
been studied by Gutay et al. ' as possibly coming from a 
1=0 s-wave interference. 
For the f°, the asymmetries found so far were (5) 
small and attributed to scanning biases4 . In our experiment, 
a strong "asymmetry" is seen as far as the significance of 
the f peak is concerned. In the forward decaying part, a f 
peak is seen with good signal to background ratio, where in 
the backward decaying part the f is weaker. This effect is 
due to background events, which for some unknown reason, fill 
and t] 
•о (5) 
the "valley" between the Ρ and the f and does not come from 
an asymmetrically decaying f( 
a 
с 
zoo 
100 
vs» 
J 
® 
V 
l 
\ 
L—p π * 
"V. 
1 L_J l_ZjS-b 
Fig.VI.6 
The π π"" mass distribu­
tion in the Δ + + band for 
the channel ττ ρ ir π" with 
a backward τ in the 
( π if") rest system (a) 
and with a forward тг+(Ъ). 
U U OJ 1.0 12 U 1.S 18 2D 
Μ (π*TT) (GeV) 
The third reaction that will be studied in 
this channel is the single resonance reaction π ρ-*· Ар p. 
The non-shaded events in fig.VI.7a show the effective mass 
( IT π ir~).The Ap shows up as a rather weak enhancement. 
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Pig.VI.7(a) Effective mass distribution of the (π π π ) sys­
tem produced in the channel π+ρ ->-ρτΓ + π+π-. The lightly shaded 
events represent the same distributions after the cut 
0.1 GeV2 <t'_p. The shaded distribution underneath is ob-
 ? 
tained if one requires in addition that "b' < 1·0 GeV . 
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Fig.VI.7(b) Effective mass of the (ρ π ) system produced in 
the subchannel тт+р-»- π+ρρ°. The shaded events represent the 
same distribution after the cut 0.1 GeV2 <t' <1.0 GeV2. 
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Prom studies of the t-structure in neighbouring regions, we 
expect a large background contribution of very peripherally 
produced events. In the lightly shaded distribution érente are 
2 + therefore removed with "Ь· < .1 GeV . The Ap itself shows 
also some (less pronounced) peripherisme and in the fully 
2 
shaded distribution events with t' < 1. GeV are also re-
P+P 
moved. 
We have also looked at distributions obtained 
after requiring an intermediate ρ state in one of the ( π π") 
combinations of the Ap( * * ir~) configuration. Fig.VI.7b shows 
the result. The shaded events again satisfy the criterion 
2 2 + 
(.1 GeV <t' < I.GeV ). A clear Ap signal is now observed. 
Although we see a double peaked Ap signal, we will treat the 
A 0 as one resonance. Detailed studies indicate that both 
sides have the same spin and parityv '. In conclusion,in channel (B) we will study 
3 reactions: 
» V Ρ°Δ++ 
/ρ- ΐ°Δ++ 
/ρ - Α2
+
ρ 
VI.1.3 The Channel 
(Β.1) 
(В.2) 
(в.з) 
π
+
ρ -»• π
+
^)π +π~π 0. 
The Goldhaber-plot for channel (C) with effec­
tive mass (pit ) versus effective mass (* π~π°) was already 
shown in f ig. VI. 1 with the reactions π ρ-• ω °Δ , π Ρ η°Δ 
and тг ρ-»- Ар0 д · Por the Ap production a separate plot is 
shown in fig.VI.θ. The unshaded distribution of fig.8a shows 
the TT π~π spectrum in the Δ band without t'-cut; the 
shaded distribution shows the peripheral events with 
2 
t'
 + +
< I.GeV . In fig. 8b the distributions are repeated 
with the additional condition that either the (π π°) mass 
combination or the (π~π°) combination lies in the ρ -band. 
Рог the В the decay-correlation plot was 
shown in fig.VI.2. In fig. VI.9 the effective mass of the 
τ " system is shown in the unshaded distribution. 
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Pig.VI.8(a) Effective mass distribution of the (π π π ) sys­
tem produced in the subchannel π +p •*• Λ + +π +π -π°. The shaded 
events represent the same distributions after the cut 
Ρ+Δ ++ 
< 1.0 G e V 2 . 
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100 
50 
® |rc+p—»Δ* *Tf-Ti-Tt' 
\A 
1.1 1.3 1.5 1.7 
MlTi+Ti-Tt' l lGeV] 
Fig.VI.8(b) Effective mass distributions of the ρ- π* 
system produced in the reaction τ +p •* Δ ++р±тт:Р. The shaded 
events represent the same distribution after the cut 
Ρ +Δ ++ 
< 1.0 GeV2. 
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The shaded distribution is obtained after the exclusion of 
events with ρ π -effective mass in the Δ band. 
Por the channel (C) we will thus study the 
following reaction: 
π
+
ρ *
 n
V + 
+ 0 . + + 
π ρ -»• ω Δ 
π ρ -*• Α 2 Δ 
π
+
ρ ·* Β
+
ρ 
( C . 1 ) 
( C . 2 ) 
(0.3) 
(0.4) 
Fig.VI.9 
Effective mass distribution of 
the ( π ω ) system for the sub­
channel π ρ + ρπ ш . The shaded 
distribution is obtained after 
the exclusion of the events 
with pir -effective mass in the 
Δ region. 
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VI.2 Experimental Results. 
In this subchapter we will derive total and 
differential cross-sections for the reactions mentioned 
above. 
VI. 2.1 _T_o tal _Cros_s-Sections. 
A thorough study of isolated reactions is 
hindered by the background. Clean reactions are rare. Back­
ground can come either from other real reactions, from wrong 
combinations or from wrong interpretations of hypotheses. 
In general it is very difficult to predict 
the behaviour of background. For the total cross-sections 
two methods of background correction are used. 
a) If the reaction is copiously produced it is worthwhile 
to use refined fitting procedures. This is the case for the 
double-resonance reactions (B1), (B2) and (C2). For those 
reactions fits have been performed on the corresponding 
Groldhaber-plots analogous to the one described in chapter V 
for the reactions Δ π and pp on the Dalitz-plots. 
b) If a reaction contains a low number of events (which is 
the case for all other reactions) a more crude method can be 
used. 
In the case of a single-resonance production 
the background is assumed to be smooth between neighbouring 
regions of the effective mass plot considered. Usually a 
handdrawn curve is used as background approximation. This 
method can also be used in djDjobJjej^r_e_s_ojia_nç_e_ productions if 
one of the resonances is only produced in association with 
the other, i.e. if it is not produced outside the other 
resonance-band. 
In other situations of double-resonance pro-
ductions we will use a method assuming the background to be 
linear in both directions of the Goldhaber-plot. Consider 
fig.VI.10. The two resonance bands 
are indicated by R.. and Rp. For 
square 5 we assume the contribu-
tion to consist of double reso- — • 
nance production (rr), single 
resonance production (rb) and 
(br), and pure background (bb). 
The squares 4 and 6 are assumed 
to consist of single resonance 
(rb) and background (bb) con-
tributions. The same is true Fig.VI.10 
Ri 
1 
4 
7 
2 
5 
θ 
h 
3 
6 
9 
t 
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for squares 2 and 8 being the sum of (br) and (bb). Por 
squares 1,3,7 and 9 the event density only comes from the 
overall background (bb). To estimate the double-resonance 
density in square 5 the (rb), (br) and (bb) contributions 
have to be subtracted. These can be estimated from the other 
squares using the linear assumption mentioned above and the 
resulting formula is: 
d(rr) = d5-(d2+ d4+ d6+ d8)/2 + (d1+ d3+ d7+ d9)/4 (VI-3) 
where d. is the density of events in square i. 
A resumé of cross-sections found for the dif-
ferent reactions is presented in table VI.2. For comparison 
the table also shows results obtained at other energies. 
Table VI.2 
¡ reaction 
¡ final 
ι state 
! 5>A2 
! PB + 
! A +V 
| Δ + +ρ° 
¡ Δ + +ω° 
! L++t° 
! Δ + + Α2° 
no.of events 
above B.G. 
in analysis. 
490 + 90 
175 + 30 
40 + 8 
2100 + 200 
630 + 30 
310 + 50 
540 + 80 
(thi 
.31 
.092-
.083 
.87 
.28 
.34 
.22 
o(mb) 
3 exp.) 
+ .06 
+ .016 
+ .017 
+ .08 
+ .01 
+
 .06« 
+ .03 
σ (mb) 
(4 GeV/c) 
Ref. 7 
.25 +.05 
.11 +.02 
.10 +.03 
.90 +.10^ 
.39 +.13 
.15 +.05 
— 
σ(mb) ι 
(8 GeV/c) ! 
Ref.8 ι 
.24 +.02 j 
.032+.011 ! 
.052+.009 ! 
.31 +.04 ¡ 
.11 +.01 ¡ 
.22 +.03 ! 
.068+.013 j 
All cross-sections are corrected for unseen decay modes. 
'Рог the Δ ρ reaction the cross-section value shown is 
the one obtained by Ahrams et al. at 3.7 GeV/c (9) 
'The Δ f cross-section quoted is biased on twice the 
number of events derived from a fit based on the 
"forward" decaying f0,s but corrected for the observed 
decay-asymmetry. 
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The total cross-section for the reaction 
π ρ-»· η Δ has been determined both from reactions (A1 ) and 
(C1) using the following branching ratio's^ . 
(η° + π+π"π°)/(η0^ all)= .229 + .015 
a n d
 ( η°+neutrals )/(n°+ all) = .7l6 + .012. 
Por both reactions the double-reaonance subtraction method 
mentioned has been used. For the reaction (A1) this leads to 
(99 + 16) events or a total cross-section of o= (90 + 15)yb 
and for reaction (C1) to the result (40 + 8) events or 
σ= (83 + 17)yb. These results are compatible. The weighted 
average is σ ( ττ+ρ -»• η°Δ++) = (87 + 8)yb. 
As is mentioned above, the cross-sections of 
the r&actions (B1), (B2) and (C2) have been determined by per­
forming fits on the Goldhaber-plot. To reduce the influence 
of the π -ambiguity the fit was performed on a triangular 
plot obtained with the mass combination of lowest' t' only. 
A correction was applied for the real events still present 
in the less peripheral sample which were eliminated by this 
procedure. 
Por the (B2) reaction the fit was performed on 
events in which the dacay π at the meson vertex goes forward 
in the f meson center of mass system. A correction factor 
1.8 taking into account the observed asymmetry has been used. 
Corrections have also been made for the neutral decay modes 
of the f° (50%) and the ω° (10%). Bétails about fitting pro-
cedures and distributions used can be found in the forth-
coming doctoral thesis of Pols and in reference 11. 
Por the other reactions, (B3), (C3) and (C4), 
handdrawn background curves are used as is shown in fig.VI.7, 
VI.8 and VI.9 respectively. The reaction (C3) can be treated 
as a single-resonance reaction as no Ар-signal is observed 
outside the Δ band. Corrections have been made for reso­
nance tails and other decay modes. Por the A 2 reactions this 
is described in detail in ref.6. Рог Β ρ the corrections con­
cern the neutral decay of the ω°(ΐΟ%) and the u>°-tails (20%). 
100 
VI ·2.2 Forward Peaks; Diff er enti al _C_г о ss- S ееtions. 
Por differential cross-sections a first 
approximation is to assume the background contribution to be 
independent of the t'-interval considered. To extract more 
precise data, in principle the same methods are available as 
for the total cross-section, now using them for each t'-in­
terval considered separately. Except for the reactions (A1) 
and (C1), where the background is known to be very different 
from the reaction itself, no t'-dependent background correc­
tions are made in this subchapter. In the next subchapter 
(VI.2.3) a background-study for the reactions with high sta­
tistics will be attempted. 
The angular distributions for the different 
reactions are shown in fig.VI.11 to fig.VI.17. Por the 
reaction π ρ -»• η Δ we have plotted a weighted average of 
the two-and four-prong data. 
To all reactions "slopes" λ are fitted over a 
certain t'-region. Por the reactions η Δ , Ар Δ and ω Δ 
the structure (a dip or a plateau) can be observed in the 
forward direction. In fitting slopes to these reactions, the 
first bins were therefore not considered. The reactions(B1) 
and (B2) cannot be satisfactorily fitted by a single slope. 
Por these reactions double slope fits have been performed 
according to formula IV.4 using now -t' instead of t. 
Results of single slope fits are presented in table VI.3. 
Por double slope fits they are given in table VI.4. 
The same tables also show the results from the 8 GeV/c 
experiment. In comparing the results of both experiments, 
one observed that the slopes for the reactions pB and Δ η 
seem to change more rapidly with incident energy than those, 
connected with reactions pAp » Δ ω and Δ Ар · However, 
the rather strong dependence of the 8 GeV/c-results on the 
t'-interval used in their fit and the fact that for tA=1.0 
2 GeV both experiments do agree, makes it hard to assess 
whether this effect is real or merely due to a too restric-
tive choice of the interval-limits used in the 8GeV/c analysis. 
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Fig.VI.11-14. Differential cross-section distributions as a 
function of t' for the reactions π+ρ -> η°Δ++, π +p -»• ρ °Δ++, 
Tr+p->-f0A++ π +ρ^Α2 +Ρ· The dashed curves are Regge predic­
tions, for rt°&++ from the Krammer-Maor-fit (12), for ρ°Δ++ 
according to reggeised π-exchange. The upper solid curve for 
p° д++ is the DWW-prediction. All other solid lines are single 
or double-slope fit results. 
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Fig.VI.15-17 Differential cross-section as a function of t' 
for the reactions ττ+ρ -• ω°Δ + +, π + Ρ -*·Α20Δ++ and π+ρ -»·Β+ρ. 
The dashed curve for ω°Δ++ is the result of calculations by 
Le Vine (l8), the solid curve for ω°Δ"Η" the DW-prediction. 
The straight lines are single-slope fit results. 
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Table VI.4 Values of slopes and χ /DF for Δ++ρ° and 
Δ + f ° r e a c t i o n s . 
¡ (do/d t»= В 1 е " Х 1 ' + B 2 e " X 1 t ' ) ¡ 
¡ Reac t ion ft» r e g i o n ¡ \.(GeV~2)\ X2(GeV 2 ) ¡ I n t e r - j χ /DF I 
ι i/ 2ч ι ι ι s e c t i n e ι ι 
( G e V }
 v a l u e 
ι ι ι ι ι (GeV2) ι ι 
¡π+ρ^Δ++ρ° ¡ 0 - 1.4 ¡ 16.7+0.9 ¡ 2 .7+0.2 J 0 .2 ¡17 / 12 j 
¡uncorrec ted ¡ ¡ j ! I I 
¡ I V A + + P ° j " ¡"19.I+2.O 1 3.2+0.7 |" 0 .2 ] l 0 . 4 / l l " | 
j 8 GeV/c j j j ' j j 
¡π+ϊΜ·Δ++ρ0 ¡"θ - 1 . 4 ¡"26 +4 "¡ 5 .9+1.8 ¡" 0.1 "¡11.1/12~J 
ibackground ι ι ι ι ι ι 
¡ s u b t r a c t e d ¡ ¡ ι l i l 
I 1 1 1 1 i 1 
! π +
ρ
->Δ + + ΐ ° 'ι 0 - 1.4 ! 11.9+1.9 ! 1.6+0.3 ! 0.2 | 6.1/12 j 
' u n c o r r e c t e d ! ¡ ¡ ! ! ! 
¡iT+p-A^f0 ! I 14.1+2.0 ! 2 .8+0.5 ¡ 0.25 ¡ 3 . 4 / 8 ¡ 
¡ 8 GeV/c ¡ ¡ ¡ ! ! ! 
! π + ρ - Δ + + ΐ ° ! 0 - 1.4 ! 19 +10 ¡ 2 .0+0.9 ¡ . 0 . 1 ¡ 7.6/12J 
¡background J j J ! ! ! 
1 s u b t r a c t e d 1 1 1 1 1 1 
1 L _ L J L J J 
For the double slope fits the 8 GeV/c results are systemati-
cally somewhat larger than the ones observed at our energy 
but the differences are not significant. 
VI.2.3 Forward Peaks; Background Behaviour. 
It should be kept in mind that all the above 
slope-determinations are in fact averages over contributions 
due to the two-body process itself and the background. We 
have attempted to make a study of the influence of this back-
ground on the results obtained for two of our "strongest" 
reactions, namely Δ++ρ° and Δ + +ω°. Figs.VI.18 and VI.19 show 
the distributions obtained after applying a background-cor­
rection using the linear interpolation method for a double-
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2 d 6 8 10 12 U 2 i. 6 8 10 12 Î ί. 
t'IGeV2) t'IGeV'l 
Pig.VI.18-19 Differential cross-sections da/dt' as a func­
tion of t' for our strongest reactions π+ρ->-ρ0Δ++ and 
π
+
ρ->- ω°Δ + + after linear background correction. The results 
are normalized on the total cross-section found for these 
reactions. The dashed lines are again results of Regge type 
fits, the solid lines DWW-predictions. 
resonance production. Pig.VI.18 indicates that the distribu­
tion for the Δ ρ reaction (for which both final state 
particles have large widths) is strongly affected by this 
background correction. The second slope has virtually dis­
appeared. Within the limits of the now substantially larger 
errors, the remaining forward events could still be fitted 
with the λ slope. 
This last conclusion could also be made 
with respect to the corrected Δ ω distribution; the slope 
of the corrected da/dt' is still compatible with the old one, 
but the substantial increase of the error-bars makes the 
detection of any such difference a priori difficult. 
The significance of this whole background 
subtraction procedure is seriously reduced by: 
a. the difficulty of finding real back­
ground regions in the "neighbourhood" of wide resonances, 
b. the fact that the background contribution 
often shows a dynamical behaviour very similar to the two-
106 
to 
250 
200 
I 150 
200 
50 
— 30 
!» 
Ol 
(В 
— 20 
ä. 
о 
10 
50 -
ia 
— 10 
rt
 P~*4 (1120-Ш0М* )М 
π + ρ L
250 
200 
150 
200 
50 
¡bû_ 
1.0 1.5 2.0 
m|it*ii)(GeV) 
-H" 
2.5 
30 
20 
10 
A 
1
 ' ^-
1.0 1.5 2.0 2.5 
mlfO(GeV) 
•f 
π
+
ρ — В
 +(uoo-i600Mtv)M 
UTIÍTI' 
-π,
+
ρ 
50 -
.5 1.0 1.5 2.0 
m(T i : + T ï - ) (GeV) 
-H 10 
о 
TC+p-»B + М ( 960-П60 Ме ) 
Lii+π-
I— π* ρ 
1.0 1.5 20 2.5 
m ( p n + ) ( G e V ) 
+~+ + 
Pig.VI.20 Slopes of the da/dt'-distributions for the hypothe­
tical reactions π+ρ-»· M°B++(M°-^ π^π"; B + + p^irj) in different 
mass-bands of the ττ+π~ and ρπ+ system. The π + combination 
selected is always the more peripheral one. 
107 
body process under consideration. 
This last fact is of course primarily rele­
vant as to the significance one should give to the da/dt' 
slopes in general for the dynamics of the two-body process 
considered. To study this aspect we have examined the slopes 
for the hypothetical reactions 
π ρ BM 
+ -
ρ π 
(HI) 
and 
+ 
тг ρ BM 
+ - о 
π π тт 
+ 
(Η2) 
*• ρ тг 
in different effective-mass-bands of the ρ π and π π 
(resp. π ττ~π ) system. Typical results are shown in f ig. VI. 20 
for reaction (R1) and in fig.VI.22 for reaction (R2). The 
same information (only more complete) is also shown on the 
2-dimensional triangular plots of fig.VI.21 and 23 resp. by 
10 12 U 16 18 2.0 2.2 21 26 29 ЗЛ 
M|pit*)l6e») 
Fig.VI.21 Equislope contour lines of the da/dt' distributions 
for hypothetical reactions тг+р ·> M°B + + (M°->- тт^тг" 
See text for t'-criteria in the slope fits. 
B + +-
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Pig.VI.22 Slopes of the da/dt'-distributions for the hypothe-
M°B++(M° -^π+ττ-π0; B+++ ρπ+) in different π+Ρ tical reactions 
effective mass bands of the τ& τΓ v° and ρπ+ system. The »• 
combination is always the more peripheral one. 
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means of equislope contour-lines. Outside the resonances the 
2 
slopes were fitted with an upper limit for t' of 0.2 GeV for 
о 
reaction (R1) and of 1.0 GeV for reaction (R2). For all 
these plots the peripherism is somewhat enhanced by the fact 
that we always plotted the slopes of the more peripheral 
combination. Although the exact location of these contour 
lines is sometimes tentative, the general picture derived 
from figs.VI.20 to 23 is one of overall continuity and of 
marginally significant changes in the observed da/dt'-dis­
tribution when the region of (intermediate) two-body chan­
nels are entered. 
The above study is clearly not exhaustive 
and should be considered as indicative only. In particular 
the results obtained could be specific for the channels 
examined and dependent on the methods and selection-criteria 
used. 
Equislope-lines for Reaction 
I 1 1 1 1 1 ι ι ι ι_ 
10 12 Η 1.6 1.8 20 2.2 2 4 2.6 2.0 
ΜΙ ρ π:*) ICevl 
Fig.VI.23 Equislope contour-lines of the da/dt' distributions 
for the hypothetical reactions π+ρ->- M°B++(M°->- π+π~π° ; 
В
++
-»-ртг
+). See text for t'-criteria used in the slope fits. 
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VI. 2.4 Backwar d_ Pe ak s. 
Inspection of the differential cross-sec­
tions at small u1 of the quasi two-body processes under con­
sideration reveals the presence of backward peaks in the 
reactions: 
(D-D 
(D.2) 
(D.3) 
(D.4) 
These peaks persist after background subtraction using the 
appropriate Chew-Low-plot. No peaks (or no peaks remaining 
significant after background subtraction) are observed for 
/P 
π ρ 
ττ
+
ρ 
π+ρ 
-• 
-• 
•+ 
-У 
Δ + + ρ° 
Δ + + η° 
Δ ω 
ΡΒ
+ 
π*ρ-»ρπ*ιι*π-
Ιι»·<1| 
20 
Я 10 
20 
•«-¡«ρ· Jjf 
® 
I I I ι ι 
1.0 1.2 U 16 1.І 2Л 2.2 
M|pif||6*V| φ 
. ρπ*ίηΔ* 
.2 6 1.0 U 1.1 
M|n*n-||6tVl 
го 
π^ρ-.ρπ^π'π-π* 
Iu'<1] 
π*Ίΐ~π*ίη ω* 
.9 1.3 1.7 2.1 
Μ|π*ω·||(*γ| 
Fig.VI.24 Effective mass dis­
tributions observed in the 
backward direction(u'<1.0 
Gey2) for reactions π+ρ-*-ρττ+ρ° 
(a) and T+P+ A++ir+u_(b) at 5 
GeV/c incident momentum show­
ing backward A++p°-production. 
Fig.VI.25 Effective mass dis­
tributions observed in the 
backward direction(u· 1.0 
GeV2' for reactions π+ρ-*-ρττ+
ω
0 
(a+c) and π+ρ -*-Л"Н"ТГ+ТГ-ТТ°(Ъ) 
resp.at 5 GeV/c incident mo­
mentum showing backward + + °, 
Δ++ω° and pB+ production. 
the other reactions: 
+ 
π ρ 
π ρ 
π ρ 
Δ++ί° 
Ρ Α 2 
Λ++Α Ο 
Δ Αρ 
(D.5) 
(D.6) 
(D.7) 
Only upper limits can Ъе derived here. 
The relevant effective mass distributions 
are shown in fig.VI.24 and 25. All distributions have been 
obtained with the selection ^ ( π -»-meson) or u'(p^A + +) <1.0 
2 GeV . The curves are handdrawn. Total backward cross-sections 
derived from these plots are presented in table VI.5. The 
shift observed in the В meson of reaction (D.4)(fig.VI.25c) 
is due to background; with a more narrow mass-band for the 
ω -selection the peak shifts to its expected position (see 
( 7') 
shaded distribution). The British-German collaborationv ' 
has reported backward peaks for reactions π ρ -• Δ ρ , 
π ρ -»-Δ ω and π ρ -*• ρ Αρ with cross-sections of =10уЪ, =15yb 
and =15уЪ respectively. 
Table VI.5 Backward cross-sections. 
ι Reaction 
Γ + ~ 
ι 'T Ρ 
ι + 
ι π ρ 
i . + Ρ 
| π + ρ 
ι ττ Ρ 
¡ π + ρ 
! τ Ρ 
-»-Δ ρ 
-> Δ η 
Α++ ο 
- • Δ ω 
+ ρ Β + 
-»-Δ f 
+Ρ Α 2
+ 
Λ+ + Α 0 
-»•Δ Αρ 
σ ( ü b ) 
Backward Peak 
1 0 . 7 
8 . 3 
5 . 3 
7 . 9 
< 2 . 5 
< 2 . 5 
< 7 
+ 
+ 
+ 
+ 
2 . 9 
4 . 2 
1 . 8 
2 . 6 
I I I 
VI. 3 Comparison with Theory. 
All two-body reactions treated have been 
described by exchange type models. The differential cross-
section characteristics and the energy dependence of the 
reactions are expected to be closely connected with the na­
ture of the exchanged particles. For the comparison with 
theoretical models a logical classification is therefore an 
ordering according the exchanged particles (or particle-
trajectories) . 
a. The reaction π ρ ->• η Δ (Ар-exchange). 
The reaction π ρ ->- η Δ is particularly interesting 
because only A 2 can be exchanged. The dashed curve in fig. 
VI.11 shows the 5 GeV/c predictions of a fit made by Krammer 
f 12) 
and Maor4 ' on the basis of Ар-Regge pole exchange and dis­
cussed in some detail in chapter V.4. The agreement with the 
data is satisfactory. Note the presence of a clear-cut dip 
in the forward direction (of about 3 standard deviations), 
not observed in previous experiments. This could be attri­
buted to the vanishing of the spin flip contribution in this 
direction. If the A9-trajectory is exchange degenerate with 
2 the p-trajectory one expects ад- f 0 around tf =0.6 GeV . 
For the amplitude with unit helicity flip at the baryon-
vertex, the point α A = 0 is right-signature nonsense point 
on the Ар-trajectory. The absence of dip near t' =0.6 GeV 
would then constitute evidence that the Ap-trajectory chooses 
the nonsense (Gell-Mann) ghost-killing mechanism. This con­
clusion hinges upon the assumption of approximate p- Ap 
exchange degeneracy for which the existing evidence is at 
( 13) present somewhat conflicting4 . 
b. The reactions π ρ ->-p Δ and π p->-f°A (π-and A9-exchange) 
The similarity in slope structure of the reactions 
π p+ ρ Δ and π ρ ->f Δ has already been mentioned. Most 
theoretical research has been concentrated on the stronger 
из 
reaction Δ ρ . The upper solid curve on fig.VI.12 (reaction 
π ρ -*• Δ ρ ) gives the absolute prediction of the DWW-absorp-
tion model; only the shape is in reasonable agreement with 
the data. Although as stated in chapter V the absorption mo­
del usually succeeds in giving a satisfactory description of 
reactions dominated by тг -exchange, discrepancies in magni­
tude have occasionally been observed. 
Predictions and fits obtained on the basis 
of reggeised π -exchange have been derived by several 
authors. Markytan and Schmid4 ' made a fit for data taken 
at different incident momenta. Predictions derived from these 
fits for our energy turn out to be too low. The dashed curve 
on fig.VI.12 gives the predictions found for reggeised π -
exchange. They were calculated by means of the Monte Carlo 
POWb-programme using for the reggeised π-propagator an 
(15) 
expression derived by A.Berger4 . The output was normalized 
to our reaction cross-section. The agreement with the data 
is very good. 
In principle, Regge-pole theory predicts 
that as the incident energy increases, A2-exchange starts to 
dominate over π-exchange as the trajectory mediating the 
reaction. The agreement between our data and predictions 
found on the basis of pure π -exchange indicate that at our 
momentum this is not the case yet. A study of spin-density 
matrix-elements (especially those of the ρ meson) supplies 
additional evidence for this conclusion4 '. Although we 
detect a non-negligible Ap-contribution the bulk of the re­
action can be understood on the basis of π-trajectory ex­
change . 
The absence of dips in da/dt' near t'= 0 
for the reactions & Ρ and Δ f disagrees with the hypo-
Mo 1 
thesis of pion Regge conspiracy with factorization4 '. 
Donohue has however pointed out, that a test for zero's in 
the amplitudes near t' = 0 is very difficult for incident 
( 1 7 ) 
momenta below 8 GeV/c4 . 
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с. The reactions π+ρ->- ω°Δ++, π+ρ->- Αρ+Ρ, π Ρ ^ Α2°Δ + and 
π ρ -*• Β ρ (ρ and Β or ω exchange) 
Prom the above reactions, none of which can proceed through 
Tr-exchange, two show considerable structure in the forward 
direction (ω Δ and Α- Δ ). The most straight-forward ex­
planation for the reduction of da/dt' at small t'-values is 
the assumption that they receive a strong contribution from 
a vector-meson-exchange spin-flip amplitude. Possible reasons 
for the absence of small t'-structures in the reactions pA2 
and pB are in the case of pA? the background contribution 
due to diffractive 
the low statistics 
processes ^ '^  , and in the case of pB 
The reaction Δ ω can proceed via ρ - and 
B-exchange. The solid curve on fig.VI.15 represents the 
(absolute) prediction of the DWW absorption model for ρ-meson 
exchange. The agreement with the data is better than for the 
conventional absorption model but on an absolute level still 
very poor. The dashed curve on fig VI.15 gives the prediction 
f 18) 
calculated by Le Vine^ ' on the basis of p-reggion exchange, 
taking into account that the p-pole exchange amplitudes are 
non-zero at the nonsense wrong signature point a Q= 0 (i.e.as 
a consequence of the existence of a Mandelstam-Wang singula­
rity in that point^ ). The Le Vine calculation is in 
essence a generalization of a study previously made by 
Kajantie and Ruuskanen , starting from rather strong 
ad-hoc assumptions on the ΡρΔ-coupling constants. The agree­
ment with the data is again unsatisfactory. Notice that one 
of the main problems with simple Ρ -reggion exchange models 
for the reaction Δ ω is the prediction of a dip near 
2 
t'=0.55 GeV as a consequence of the fact that the Ρ-trajec­
tory possesses a nonsense wrong signature point (<* =0) 
around this value. The Δ +ω da/dt'-distribution clearly 
does not show such a dip structure. This cannot be due to a 
contribution of background events as for this reaction the 
background-level is very low. Attempts have also been made 
to improve the absorption model calculations by replacing 
115 
(21 ) (or supplementing) the p-contribution with B-exchange4 
The predictions obtained in this way do show some better 
agreement with the data. 
The reaction π+ρ->-Β+ρ can proceed via the 
exchange of ω. Within our limited statistics no structure is 
seen in the do/dt'-distribution, which indicates no strong 
spin flip amplitude. Also no indications are present for a 
nonsense dip expected for single ω-trajectory exchange at 
t' = .5 GeV2. 
8 
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APPENDIX 
List of Properties of Particles used in this Thesis. 
In this appendix a list of particle properties is given as 
far as they are important for this thesis. No completeness 
has been aimed for. The values are found in the Review of 
Particle Properties from the Particle Data Group (see chapter 
Href. 1 ). The following (standard) abbreviations are used: 
I stands for isospin, G for G-parity, J for spin, Ρ for 
parity, M for mass and Γ for width. 
B. 
ι 1 1 1 1 1 1 
¡Mesons J I J G j J ¡ Ρ ¡ M(GeV) ¡ T(GeV) 
! ττ~ ' 1 ! - ! 0 ¡ - ¡ .13958 ¡ О 
j π 0 ! ! j ! ! .134957 ¡ =0 
¡ π ! o ¡ + ¡ o ¡ - ! .5^88 ¡ =0 
! p ¡ i ! + ! i ! - ! .765 ! .125 
¡ ω j Q ¡ - ¡ 1 ¡ - ¡ .7837 ¡ .0127 
! χ ί o ! + ! o ! - ! .9577 ! < .004 
¡ Φ ¡ o ¡ - ¡ 1 ¡ - j 1.0195 ¡ .0039 
! в ! i ¡ + ! i ¡ - ! 1.235 ! .102 
¡ f «j 0 j + j 2 j + j 1.264 ! .151 
! A 2 L ¡ 1 i - ¡ 2 j + j 1.280 ¡ .022 
1 A 2 H ! 1 j - I 2 ! + ! 1.320 ! .021 
I I I 1 1 1 V 
! Baryons ! I ¡ J ¡ Ρ ¡ M(GeV) ¡ r(GeV) 
I 1 1 _) 1 4 
j Ρ | i j \ ! + ! .9383 ! o 
¡ η ! ! ! ! · 9 5 9 6 ! = 0 
! Δ ! 4- ! 4- ! + ! і.гзбо ! .i20 
ι I 1 1 1 4. 
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SUMMARY 
This thesis describes results of a 5 GeV/c 
π ρ bubble chamber experiment. Some 125 000 triplet pictures 
from the British National Hydrogen Bubble Chamber are ana­
lysed in five European laboratories (Bonn, Durham, Nijmegen, 
Paris and Turin). 
The first three chapters are devoted to 
the information collecting aspect of this analysis. After a 
resumé of the experimental conditions the cross-sections are 
calculated of topological types and the various channels. 
In the last three chapters attention is 
given to the physical interpretation of the interactions 
found. 
Total and differential cross-sections of 
elastic events are treated in chapter IV. A dip in the back-
2 
ward elastic cross-section is found near u= -0.2 GeV . 
In chapter V a Dalitz-plot study is made 
of the channels ρ π π and η π π . Cross-sections are deter­
mined with a maximum likelihood-fit of the reactions π°Δ 
and π p. In the differential cross-section the reaction 
π Δ has a dip at t'=.6 GeV , and both reactions show for­
ward dips. For these reactions differential cross-sections 
and decay-density-matrix elements are compared with predic­
tions of the Dar-Weisskopf-Watts absorption model and with 
Regge-pole model fits to other data. Backward peaks are 
found for the reactions ρ P+ and Νϊ+(1660) π +. 
In chapter VI quasi two-body reactions are 
described, decaying into at least four-body final states. 
Cross-sections and differential cross-sections are determined. 
The reactions η°Δ + +, ω°Δ + + and Α 2 °
Δ + +
 have a dip or flat 
region in the forward direction. The reactions ρ°Δ+ and 
f Δ need a "double slope" exponential for a satisfactory 
fit. For the reaction with the largest number of events 
(ρ Δ and ω Δ ) a study is made of background effects. 
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The t'-distributions of these quasi two-body reactions show 
analogies with those of more-particle reactions decaying 
into the same final state. Comparison is made with the re­
sults of different models. Signicifant backward peaks are 
found for the reactions pB+, Δ + +η°, Δ++ω° and Δ++ρ°. 
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SAMENVATTING 
Dit proefschrift geeft resultaten van een 
5 GeV/c π+ρ bellenvat experiment. Hiertoe zijn ongeveer 
125 000 triplet foto's van het Britse waterstofbellenvat 
geanalyseerd in vijf Europese laboratoria (Bonn, Durham, 
Nijmegen, Parijs en Turijn). 
In de eerste drie hoofdstukken wordt aan­
dacht besteed aan het informatie verzamelend aspect van dit 
onderzoek. Na een beschrijving van de experimentele omstandig­
heden worden werkzame doorsneden bepaald van de diverse 
topologische types en de daarbinnen vallende kanalen. 
In de laatste drie hoofdstukken wordt 
aandacht besteed aan de fysische interpretatie van de ge­
vonden interakties. 
Totale en differentiële werkzame doorsne-
den voor de elastische gevallen worden besproken in hoofd-
stuk IV. Een minimum in de achterwaartse elastische gevallen 
2 is gevonden bij u =- 0.2 GeV . 
In hoofdstuk V worden de kanalen ρπ+π° en 
nit π bestudeerd met behulp van dalitzplots. Met een 
"maximum likelihood fit" worden werkzame doorsneden bepaald 
voor de reakties π £ en ρ p. In de differentiële werkzame 
doorsnede is in de reaktie π Δ een minimum aanwezig bij 
2 
t' = .6 GeV . Beide reakties vertonen een voorwaarts minimum. 
Differentiële werkzame doorsneden en vervalsdichtheidsmatrix 
elementen zijn voor deze reakties vergeleken met voorspel-
lingen van het Dar-Weisskopf-Watts absorptie model en met 
Regge pool model fits aan andere data. In de achterwaartse 
richting zijn pieken gevonden voor de reakties pp en 
N*+(1660) / . 
In hoofdstuk VI worden quasi twee deeltjes 
reakties beschreven, die in een eindtoestand met minstens 4 
deeltjes vervallen. Hiervoor worden werkzame doorsneden en 
differentiële werkzame doorsneden bepaald. De reakties 
η Δ , ω Δ en Α 2 І bezitten een minimum of een vlak 
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gebied in de voorwaartse richting. Voor de reakties Ρ Δ en 
f Δ is een som van twee exponentiële verdelingen nodig voor 
een bevredigende fit.Weer is een vergelijking gemaakt met 
resultaten van verschillende modellen. Voor de reakties met 
de grootste statistiek (Ρ Δ en ω Δ ) is een studie ge­
maakt van achtergrondeffekten. De t'-verdelingen van deze 
kwasi twee deeltjes reakties vertonen analogieën met die 
van meer deeltjes reakties die in dezelfde eindtoestand 
vervallen. Significante achterwaartse pieken zijn waargeno-
J Τ J. · T.+ A + + O
 A + + О л + + O 
men voor de reakties pB , Δ η , Δ ω en Δ ρ . 
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ERRATUM 
page 63: formula (V-I8) should be 
Γ
 ++
(m) = Γ0
 q 3 ( a A 2 + q r 2 ) (v-18) 
Δ
 ^г
3 ( а
Л
2 + q 2 ) 

STELLINGEN 
1. De in het 8 GeV/c π+ρ experiment gesignaleerde 
"forward rise" in de differentiële werkzame doorsnede 
van de reactie π ρ -»• Δ°ρ + + berust op statistisch on­
voldoende gegevens. 
Physics Letters 27B, 174 (1968) 
2. Bij het opgeven van differentiële werkzame doorsneden 
van resonantie producties dient men nauwkeuriger dan 
meestal gebeurt, op te geven of is genormaliseerd op 
de voor achtergrond gecorrigeerde reactie werkzame 
doorsnede of op het aantal gevallen in de geselec-
teerde band. 
Nuclear Physics В8, 45 (1968) 
3. Het ter verdediging van de McCusker quarks door 
Király en Wolfendale naar voren gebrachte argument, 
dat het tellen van "blobs" in plaats van "drops" de 
relativistische spoorverdichting onderdrukt is on-
juist. 
Physics Letters 31B, 410 (1970) 
4. De twee componenten benadering voor de berekening van 
nikkel en chroom fracties in de damp komend van een 
nichroomdraad is zelfs bij de laagst bereikbare par-
tiële zuurstofdruk onjuist. 
De benadering dat nikkel en chroom elkaar niet beïn-
vloeden mag daarentegen wel worden gemaakt. 
Philips Technisch Tijdschrift 24, 329 (1962) 
5· Bij het schrijven van vertalers voor computertalen 
krijgt de in deze talen aanwezige redundantie te vaak 
slechts een fouten detecterende functie, terwijl een 
zelfcorrigerende functie mogelijk is. 
6. Het veelgehoorde argument, dat ALGOL geen standaard 
input-output procedures behoeft, omdat toch ieder 
input-output apparaat zijn eigen conventies heeft is 
onjuist. 
7- Voor het meten van het belastingsprofiel van een mo-
derne computer is een software monitor in staat alle 
functies over te nemen van een hardware monitor. 
Het aanleggen van prikkeldraadversperringen in 
kinderrijke buurten ter bescherming van de beplan-
ting legt de prioriteit verkeerd. 
Het aanleggen van betere wegen en meer parkeer-
ruimten in dichtbevolkte gebieden vergroot het 
vervoersprobleem. 


